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Abstract
When a noble gas atom approaches a solid surface, it is adsorbed via the Van der
Waals force, which is called physisorption. In this thesis, several experimental
results concerning physisorbed atoms at surfaces are presented. First, photon
stimulated desorption of Xe atoms from a Au substrate using nano-second laser
is presented. With the time-of-flight measurements, the translational temperature
and the desorption yield of desorbing Xe as a function of laser fluence are obtained.
It is discovered that there are non-thermal and thermal desorption pathways. It is
discussed that the former path involves a transient formation of the negative ion of
Xe. The desorption flux dependence of the thermal pathway is also investigated.
We found that at a large desorption fluxes the desorption flow is thermalized due
to the post-desorption collisions. The resultant velocity and the temperature of
the flow is found to be in good agreement with the theoretical predictions based on
the Knudsen layer formation. Lastly, nuclear resonant scattering of synchrotron
radiation by the multi- and mono-layer of 83Kr at a surface of the titanium oxide
is presented. The use of the noble gas atoms as the probes of the electric field
gradient at the solid surfaces is discussed.
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Chapter 1
Introduction
In this chapter, the background and the objective of the present thesis are de-
scribed. The first section focuses on the electronic structures of physisorption
systems, photon stimulated process on the solid surfaces, the post-desorption
collisions and the introduction of the nuclear resonant scattering (NRS). In the
second section, the three objectives of the present study are presented.
1.1 Background
In this section, the several backgrounds of the present studies are described.
First, the modifications of electronic structure of rare gas atoms as a result of
physisorption are presented based on the previous studies. Besides, the exper-
imental methods for the investigation of electronic structures of physisorption
systems is discussed. The following subsection focuses on the photon stimulated
desorption (PSD) of rare gas atoms from solid surfaces. The capability of PSD
as a probe for the unoccupied electronic states are discussed. The effects of the
post-desorption collisions on the laser desorption experiments are also discussed.
In the last subsection, NRS is introduced as a unconventional type of Mo¨ssbauer
spectroscopy making use of the synchrotron radiation. The use of NRS to probe
the modification of the electronic structure of physisorbed atoms due to the elec-
tric field gradient at the solid surface is discussed.
1
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Figure 1.1: A schematic drawing of the effective one-electron potential curves for
Xe atoms in a monolayer on the Pt(111) surface and for free Xe atoms. The
image is adopted from Ref. [3].
1.1.1 Physisorption
Although noble gas atoms are not bound to solid surfaces by forming a chemical
bond, they are weakly bound to the surfaces through Van der Waals interactions,
which is called physisorption. Van der Waals force possesses its roots in the
second-order perturbation energy of the Coulomb interactions between neutral
atoms [1]. The attractive potential due to Van der Waals force between the two
neutral atoms decays with 1/r6, where the two atoms are sufficiently separated
in distance compared with the Bohr radius. On the other hand, the attractive
potential due to the Van der Waals interaction between an atom and a metal
surface decays with 1/r3. This is because in the case of atom-surface system the
attraction arise from the interaction between an induced dipole and an image
dipole, whereas in the case of two neutral atoms two induced dipoles are in
play [2]. When the atom gets very close to the surface, it is repelled due to
the Pauli repulsion which exponentially increases with decreasing the separation.
Therefore, in the physisorption regime, the potential minima appears at some
distance from the surface, which is typically at around 3 ∼ 4 A˚ for most of the
species.
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Physisorption occurs with a weak interaction with the typical values of 30 to
300 meV for the depth of the potential well. Therefore, it has been believed that
the electronic structure of the physisorbed species is not significantly modified
compared with their electronic structures in the gas phase. The estimation of
the interaction energy and the electronic structure with calculations have suf-
fered from the poor accuracy which is comparable to the interaction energies
themselves, so far. Actually, it has been speculated that the rare gas atoms
adsorbed on a hollow sites on closed packed surfaces because it is most highly
coordinated. However, it has been recently found by several experiments [4, 5]
and ab-initio calculations that Xe atoms adsorb on the atop sites on most metal
surfaces [6, 7, 8].
Physisorbed rare gas atoms are simplest amongst the physisorbed species
that includes not only various inert gas molecules but also the complex organic
molecules. The binding energy of physisrbed atoms is in the order of a few 10
meV to 100 meV. The equilibrium distance of the physisorbed atom from the
substrate varies from 3 to 5 A˚ [9]. Generally speaking, the interactions between
physisorbed atoms and the substrate is small compared to the interactions of
the ones who form chemical bonds to the substrate, which is called chemisorbed
species.
Nevertheless, several studies have shown the trends otherwise. Although Van
der Waals interactions are weak, the electronic states of Xe atom were found to
appreciably modified as a result of physisorption on metal surfaces by a pho-
toemission spectroscopy [10] and a resonant photoemission study [3]. Figure 1.1
shows a schematic adiabatic potential for the physisorption system of monolayer
Xe on Pt(111), which has been clarified by the resonant photoemission study
[3]. The ionization potential and the first excitation energy of a free Xe atom
is known to lie 12.2 eV below the vacuum level and 8.4 eV, respectively. On
the Pt(111) surface, the ionization potential was shown to relaxed to be 9.3 eV
below the vacuum level whereas the excitation energy was almost the same as
that of a free Xe. The relaxation was assumed to occur mainly due to the image
charge screening. Although the modification of the occupied electronic states has
been investigated on physisorption systems, the unoccupied states represented by
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electron affinities have not been well investigated so far.
Similar to the case of the electronic states of physisorbed atoms, that of the
substrate are also reported to be modified. The work function of the substrate
were known to greatly reduced as a result of physisorbed layer of rare gas atoms
[11]. The reduction of the work function is intuitively explained by either one
of the following context. (1) The charge transfer from the substrate to the ph-
ysisrobed atoms form an inverse dipole with regard to the surface dipole which
is theoretically supported by Ref. [12]. (2) The push back effect is in play where
the physisrobed atom push back the extended substrate electrons back into the
bulk, which is theoretically supported by Ref. [13, 14]. At this moment, the
latter idea is widely accepted because it was supported by the report that the
chemical shift of the physisorbed rare gas atoms was negligibly small with x ray
photoemission experiments. The direct observation of the push back effect, how-
ever, is not presented so far. Silva and coworkers suggested that in the push back
regime not only the substrate but also the physisorbed rare gas atoms are largely
polarized after the physisorption [6, 15, 14]. Therefore, it is possible that the
polarization or some kind of modification of the electronic structure of rare gas
atoms are observed as a confirmation of the physisorption induced modification
of the electronic structure of atoms and the substrates.
There are several ways to detect such electronic properties of physisorbed rare
gas atoms. One of the ways to detect the electronic properties of the physisorbed
atom is to follow the photo-induced motion of the atom, for the atomic motion
is determined by the electronic structure specific to the atom. Another way is
observation of the hyperfine splitting of the nucleus of the physisorbed atom
due to the strong electric field gradient at the surface as a probe of electronic
structure. Both ways are explored in this thesis.
1.1.2 Photon stimulated desorption
Photo-stimulated processes at solid surfaces have been a topic of extensive stud-
ies because they allow us to control adsorbates in either thermal or nonthermal
ways [16, 17, 18]. Laser-induced thermal desorption (LITD) was investigated in
detail for the systems of CO/Fe(110) (Ref. [19]) and Xe/Cu [20], and has been
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Figure 1.2: Photon stimulated desorption yield of Ar mono- and multi-layers on
Ru(0001) following photon irradiations ranging from 11 to 14 eV generated with
synchrotron radiations. The image is adapted from Ref. [23].
successfully applied to the studies of surface diffusion combined with low-energy
electron microscopy [21] or with scanning tunneling microscopy [22]. Nonthermal
photostimulated phenomena, on the other hand, provide us with pathways that
are nonaccessible in a thermal process. The nonthermal photostimulated desorp-
tion (PSD) of rare gas atoms from metal surfaces has been investigated using
photons of two energy regions: At hν > 7 eV, the excitonic or ionic excitation
of the mono and multi-layers of Ar and Kr induces desorption [23] as shown in
Fig. 1.2, while infrared light at hν < 1 eV causes the direct excitation of the
vibrational mode in the physisorption well to a continuum state [24].
The non-thermal PSD of Xe/metal using 1−7 eV photons has been considered
not to occur. Generally, the mechanism of nonthermal PSD using photons of
1−7 eV is understood in terms of formation of the transient negative ion (TNI)
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[25] and the Antoniewicz model [26] as shown in Fig. 1.3, where a substrate
conduction electron is photoexcited to the adsorbate affinity level. The ground
state Xe in the gas phase does not bind an electron stably [27, 28, 29, 30], which
has been confirmed both theoretically and experimentally with the exception of
Ref. [31]. Xe atoms physisorb on a metal surface. Physisorption is assumed to
occur with little influence on the electronic states. Hence, it has been anticipated
that the PSD of Xe/metal via TNI is absent. Condensed Xe, however, has been
reported to have modified electronic states compared with the isolated ones due
to hybridization with the orbitals of neighboring atoms. It is known that it takes
0.5 eV to remove an excess electron from the bulk Xe [32], and also that the
ground state XeN clusters with N > 6 stably bind an electron [31], indicating
that the electron affinity level of Xe is shifted downward or broadened depending
on the phase of Xe. In this sense, adsorption of Xe onto metal surfaces may
well result in a shift and/or broadening or even narrowing of its affinity level by
hybridization of the unoccupied orbitals with the substrate electronic states, as
is predicted by theoretical studies [33, 6].
Laser induced desorption of atoms and molecules from solid surfaces is a vi-
tal phenomenon to investigate fundamentals such as surface electronic structures
and dynamics [16, 37, 38, 39, 40]. Besides, laser desorption is an essential tech-
nique for pulsed laser deposition used in thin film growth [41, 42, 43, 44, 45] and
mass spectrometry of protein employing matrix-assisted laser desorption ioniza-
tion [46]. When desorption flux is small, the velocity distribution of desorbed
atoms is directly governed by the desorption mechanism. When the desorption
flux is large enough, on the other hand, the post-desorption collision between
desorbed particles may become significant and modify the velocity distribution
in the vicinity of the surface after the desorption.
Manifestations of the collision effect in laser induced desorption have been re-
ported both by experiments and simulations as the modifications of the angular
and velocity distribution of desorbing atoms and molecules [47, 48, 49, 50]. Cowin
et al. investigated the angular dependence of the translational temperature of D2
desorbed from tungsten surfaces under a pulsed laser irradiation [47]. The trans-
lational temperature of D2 desorbed in the surface normal direction was higher
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(a) (b)
DISTANCE FROM THE SURFACE
Figure 1.3: Two models of desorption dynamics of atoms from surfaces following
the excitation to the intermediate states (a) proposed by Menzel, Gomer and
Redhead [34, 35], and (b) proposed by Antoniewicz [26]. The images are adopted
from Ref. [36] and Ref. [17], respectively.
than those in oblique directions. They attributed the variation of the translational
temperature to the collision effect. Noorbatcha et al. used the direct Monte Carlo
simulation of desorbing atoms to investigate the collision effect. They showed that
even in the sub-monolayer regime the collision noticeably modifies the final angu-
lar, velocity and rotational-energy distributions [48, 49, 50]. However, there has
not been any model that can quantitatively estimate the degree of modification
by the post-desorption collision in laser desorption so far.
Knudsen layer formation theory has been developed in rarefied gas dynamics
to model the steady flow of the strong evaporation from the surface [51, 52, 53]. As
shown in Fig. 1.4, the initial velocity distribution of thermally desorbed species at
the surface is well described by a ”half-range” Maxwell-Boltzmann velocity distri-
bution [51]. In the Knudsen layer theory, as a result of intensive post-desorption
collisions, the half-range velocity distribution at the surface is thermally equi-
librated to a full-range Maxwell-Boltzmann velocity distribution with a stream
velocity at some distance from the surface. This thermalization layer is defined
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Figure 1.4: A sketch of Knudsen layer formed above the surface following the laser
induced thermal desorption. The desorption flux is assumed to be large enough
for the post-desorption collisions to take place and form the Knudsen layer. The
arrows denote the velocity vector of desorbed atoms at the surface and at the
end of the Knudsen layer. The insets at the bottom shows the schematics of the
velocity distribution in z (surface normal) direction at the surface and at the end
of the Knudsen layer.
as the Knudsen layer. The theory analytically predicts for monoatomic gas that
the ratio of the translational temperature at the end of Knudsen layer TK to the
surface temperature TS and the Mach number of the desorption flow at the end
of the Knudsen layer become 0.65 and 1.0, respectively [54, 55].
Kelly and Dreyfus discussed that the Knudsen layer formation theory may be
applicable to the pulsed desorption flow with a large desorption flux. However, it
is not straightforward because the pulsed desorption involves complex time evolu-
tion of the density and velocity distributions of desorbed atoms [56]. Sibold and
Urbassek have shown by means of the Monte Carlo simulation of the Boltzmann
equation that the pulsed desorption flow at an intense flux is well characterized
by the above values predicted by the Knudsen layer formation theory. Although
previous experimental studies recognized the collision effect in laser desorption
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[57, 58, 59, 60, 61], the formation of the Knudsen layer in laser desorption has
been discussed only by theory and simulations [54, 55, 62]. So far, any experi-
mental confirmation of Knudsen layer formation in laser desorption has not been
presented. For an experimental verification of the theory, a systematic observa-
tion of the translational temperature and stream velocity of the desorption flow
as a function of the desorption flux is strongly required.
1.1.3 Nuclear resonant scattering
With analogy to the absorption of visible light by atoms or infrared light by
molecular vibrations, the absorption of high energy x ray by nucleus was consid-
ered in 1930s. However, they were not easily observed due to the sharp resonance
width (∼ neV) of the nucleus and the relatively large recoil energy at the moment
of photon absorption and emission. If one consider a γ ray emission at hν = Eγ
from a radio isotope and the recoil energy ER due to the conservation of the mo-
mentum of the system, the resultant photon energy E observed from the center
of mass system is
E = Eγ + ER. (1.1)
With this relation, the shift of the energy of the γ ray is described. Experimen-
tally, one want to observe the absorption of the emitted γ ray by the sample.
If the loss of the photon energy due to the second term of the right hand side
of Eq. (1.1) is small compared to the resonance width of the nucleus, the res-
onant absorption of the γ ray should be observed. Unfortunately, based on the
conservation of the momentum the recoil energy can be expressed as
ER =
1
2m
(
Eγ
c
)2
, (1.2)
where m and c are mass of the nucleus and the speed of light. ER is proportional
to the square of Eγ. If one substitutes m and Eγ of Eq. (1.2) with the mass
of 57Fe and 14.4 keV, one gets ER = 2.0 meV. The resonance width of
57Fe is
5.0 neV. Therefore, with γ ray emission with a recoil of the atom, the resonant
absorption of the γ is not observed because the resonance is not obtained, whereas
the resonant absorption of visible or infrared light can be observed because their
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recoil energy ER is sub nano eV and in a order of pico eV, respectively. It had been
speculated that with the thermal energy, the lost energy can be compensated. In
this way, the absorption of γ ray at high temperature was actually observed. This
method is based on the doppler effect due to the thermal energy. This indicates
that with a higher temperature one can observe a γ ray adsorption with a better
efficiency.
Nevertheless, Mo¨ssbauer found that the efficiency of the resonant γ ray ab-
sorption by 191Ir is greatly increased by decreasing the temperature of the sample
and γ ray source [63]. It was readily confirmed by other groups [64, 65]. The phe-
nomenon was explained by Mo¨ssbauer with a recoilless emission and absorption
of γ ray with a recoilless fraction or a Lamb-Mo¨ssbauer factor fLM. In a solid,
atoms are bound at a lattice site. The vibrational energy is quantized in a unit
of h¯ω. In order for the total energy to be conserved, it holds that
ER = (1− fLM)h¯ω. (1.3)
With Debye model fLM can be expressed as [66]
At low temperature, fLM = A exp
(
− 3ER
2kΘD
)
, (1.4)
At high temperature, fLM = A exp
(
− 6ER
2kΘ2D
T
)
, (1.5)
where ΘD is the debye temperature. Those equations well explained the temper-
ature dependence of fLM. Physically, this means that the total energy in γ ray
emission and absorption is conserved by the excitation of the vibration of atoms
in the lattice with a probability (1−fLM). The conservation of momentum is sat-
isfied because the momentum is transferred to the whole material, which results
in a very small recoil velocity. This is called the Mo¨ssbauer effect, which had a
significant impact on a large field of physics because it allows us to investigate the
nuclear energy level very precisely. Mo¨ssbauser spectroscopy is significant because
it allows us to investigate the hyperfine structure of the nucleus which is deter-
mined by a very local electronic and magnetic structure surrounding the atom
involved. Mo¨ssbauser specterscopy has been utilized to investigate the chemical
properties of 57Fe in various materials, confirmation of the gravitational red shift
or the uncertainty principle.
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Although Mo¨ssbauser spectroscopy has been very widely used in various fields
of physics and chemistry, the materials have been limited to those which have
convenient radio isotopes. Furthermore, the method posseses a poor sensitivity
to the solid surfaces because the signal is too weak compared to those from the
bulk. It had been speculated that with a synchrotron radiation one can conduct
a similar experiment. In 1990s, the method called nuclear resonant scattering
(NRS) of synchrotron radiation was established. The beauty of NRS is that one
can make use of the characteristics of the synchrotron radiation which is not
obtained using a radio isotope. (1) The selectivity of the wavelength, (2) the
brilliance of the light source, (3) High directivity, (4) the polarization of the light
source, (5) pulse source.
In the present work, we focus on the physisorption systems. With a con-
ventional Mo¨ssbauer spectroscopy, the radio isotopes for 83Kr and 129Xe could be
obtained but they are not convenient. Their life time is short and thus the experi-
ments has to be done in close to the nuclear reactor. On the contrary, synchrotron
radiation of naturally white, we are able to use the x ray to excite 83Kr much
easier. Furthermore, its high directivity and the significant brilliance are great
features when we consider a measurement of the solid surface. With a glancing
angle regime, the sensitivity to the solid surface is expected to be enhanced. This
is a particular feature to the NRS. We further make use of the polarization of
the synchrotron radiation to select the specific excitation lines. 83Kr possess a 11
transitions. The lesser the number of the transitions, the easier the analysis of
the spectrum. With the selection rule regarding the polarization of the incident
light, we discuss that we successfully reduced the number of transitions from 11
to 4.
In the conventional Mo¨ssbauer spectroscopy, the energy spectrum of the nu-
clear levels are obtained. In the NRS, on the other hand, the time spectrum of the
nuclear levels are obtained by a fast time resolved measurement. The time spec-
trum is related to the energy spectrum with a Fourier transform. The example
of the hyperfine structure observed in the conventional Mo¨ssbauer spectroscopy
and the NRS is shown in Fig. 1.5. The single peak in the energy spectrum is
transformed into a single exponential decay in the time domain. The double peak
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due to the hyperfine splitting in the energy spectrum is observed as an oscillation
in the time spectrum which is called a quantum beat [67, 68].
The typical representation of the time spectrum of NRS with the two level
splitting is [69, 70, 71]
Ifs(t) = C · exp (−t/t0) [1 + cos {(ω1 − ω2) t}] . (1.6)
The beat frequency is understood as the intra-interference between the slightly
split energy levels. The larger the hyperfine splitting, the larger the quantum
beat frequency becomes. Typically, the hyperfine splitting of neV results in the
ns quantum beat structures.
For the simplicity of the analysis, it greatly helps to reduce the number of
transitions. This is realized by making use of the polarization dependence as
schematically shown in Fig. 2.13. The sample surface in the present study is
TiO2(110) surface. Ti and O in TiO2 is roughly in charged states of +4 and
−2, respectively. The surface used was a Ti riched surface where all the topmost
atoms are Ti. Therefore, it is expected that a great electric field and its gradient
is present at the surface especially in the surface normal direction rather than
the surface lateral direction. The principle axis of the electric field gradient is
expected in the surface normal direction as seen in Fig. 2.13. In this case, the
quantization axis of the quadrupole splitting of 83Kr nuclei is also the surface nor-
mal direction. The optical transition from the ground state I = 9/2 to the first
excited state I = 7/2 is M1 transition [72]. Therefore, the selection rule for the
magnetic sub level is ∆m = 0,±1. In the M1 transition, the ∆m = 0 transition
corresponds to the linear magnetic dipole oscillator along the quantization axis,
whereas ∆m = +1 and ∆m = −1 transitions correspond to the right-handed
circular oscillator and left-handed circular oscillator with respect to the quanti-
zation axis, respectively [73, 74, 75]. If the magnetic oscillator is parallel to the
quantization axis, only ∆m = 0 transition is induced. If the magnetic oscillator
has a component in the direction perpendicular to the surface normal direction,
the ∆m = ±1 transitions are excited.
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Figure 1.5: Mo¨ssbauer transmission spectra (left column) and the nuclear reso-
nant scattering spectra in the time domain (right column). The hyperfine splitting
in the energy spectra results in a quantum beat structure. The effect of sample
thickness results in the dynamical beat structure. In general, the combination of
the both structure are observed. The image is adopted from Ref. [68].
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1.2 Objective of the study
There are following objectives in the present thesis.
1. I report an experimental study of LITD and nonthermal PSD of Xe from a
Au(001) surface at photon energies of 6.4 and 2.3 eV. At a high laser fluence,
Xe desorption was thermally induced at both photon energies, which is in
good agreement with theoretical calculations. At a low laser fluence, on the
other hand, Xe desorption was induced nonthermally by 6.4 eV photons
as a one-photon process, whereas little desorption was observed with 2.3
eV photons. We argue that the nonthermal PSD proceeds with a transient
formation of Xe− as a result of the photoexcitation of substrate conduc-
tion electrons. A classical model calculation of Xe desorption reproduces
both the experimentally observed TOF and nonthermal PSD cross section,
assuming a value of the Xe− lifetime to be ∼15 fs.
2. I investigated the laser induced thermal desorption (LITD) of Xe from an
Au(001) surface by means of the time-of-flight (TOF) measurement as a
function of the wide range of desorption flux by varying the initial Xe cov-
erage Θ. We found that at Θ close to 0 ML, the TOF was well analyzed
by a Maxwell-Boltzmann velocity distribution. Hence, the desorption at
Θ close to 0 ML is rationalized by the thermal desorption followed by the
collision-free flow. At Θ close to monolayer, we observed that the peak
positions of the TOF spectra shift towards smaller values. Assuring that
the desorption is only thermally activated, we regard this modification of
the TOF as the manifestation of the collision effect. At larger Θ, the peak
positions of the TOF spectra become constant. We deduced the Mach num-
ber M of the desorption flow to be 0.96 at large Θ under the assumption
that TK/TS = 0.65. The obtained value of M and the saturating behavior
of u at Θ > 4 ML both well coincide with the previously reported values
by the Knudsen layer theory and simulations. The facts suggest the forma-
tion of the Knudsen layer in LITD at large Θ. Furthermore, we tentatively
estimated the Knudsen number of the initial desorption flow.
3. I developed an UHV chamber compatible with the nuclear resonant scatter-
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ing measurements in SPring-8 BL09XU, which was used to observe the nu-
clear resonant scattering of synchrotron radiation by multi-layer and mono-
layer 83Kr fabricated on a clean single crystal solid surface for the first time.
The possibility of the observation of the quadrupole splitting of 83Kr nuclei
was discussed.
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Chapter 2
Experiment
In this chapter, two experimental setups are presented, both of which are newly
developed for the present study. One is for the laser induced desorption exper-
iment and is equipped with a time-of-flight (TOF) measurement system for the
laser desorbed atoms as schematically drawn in Fig. 2.1. The other is for the
nuclear resonant scattering (NRS) experiment. For this experiment, I installed an
ultra-high vacuum (UHV) chamber in a beam line of a synchrotron radiation facil-
ity called SPring-8 BL09XU. The whole experimental setup for the NRS consists
of the synchrotron, monochromator, the sample enclosed in the UHV chamber,
fast photon detector and the signal collection circuit as schematically drawn in
Fig. 2.14. Detailed descriptions of the experimental instruments follows.
2.1 Laser induced desorption
Figure 2.1 shows a schematic drawing of the whole setup of the laser induced
desorption system. The system consists of the sample and a quadrupole mass
spectrometer (QMS) enclosed in a UHV chamber, pulse laser source, optics, fast
current amplifier and an oscilloscope synchronized with the pulse laser. In the
following, I explain those parts in order.
The base pressure of the UHV chamber for the laser desorption is at 2.0×10−8
Pa. The evacuation system of the UHV chamber is schematically shown in Fig.
2.2. The UHV chamber is evacuated with two turbo molecular pumps (TMP1
17
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Substrate on a cold head
QMS
PD
Laser
Trigger
Oscilloscope
Lens
Aparture
BS
C. Amp.
Figure 2.1: A schematic drawing of the experimental setup for the time-of-flight
measurement of Xe following the laser induced thermal desorption from Au sur-
faces. C. Amp., PD and BS denote fast current amplifier, photo diode and beam
splitter, respectively.
2.1. LASER INDUCED DESORPTION 19
Vacuum Chamber
TMP1 TMP2 RP
B-A Gauge
Gate Valve
Q
S
Figure 2.2: A schematic drawing of the evacuation system of the UHV chamber
for the laser desorption experiment.
and TMP2) and a rotary pump (RP) in a series circuit. The main TMP and sub
TMP are Pfeiffer TMU 261 with the pumping speed S = 220 l/s and Mitsubishi
PT-50 with S = 50 l/s, respectively. The rotary pump is BOC Edwards RV-5
with S = 1.4 l/s. The total pressure of the main UHV chamber was measured
with a B-A gauge controlled by a digital gauge controller ULVAC GI-N8. The
gas line is evacuated by the TMP2. Ar, Kr and Xe gas are introduced into the
UHV chamber via a variable leak valve. The total pressure was measured with
a MKS Baratron with the range of ambient pressure to ∼ 1 Pa. In order to get
the chamber to UHV, one needed to bake the whole chamber at about 420 - 570
K over night. This was done with a number of tape heaters.
As a sample, an atomically flat Au(001) surface was used in the laser des-
orption experiment. In order to prepare the specimen, first, a gold disc was cut
from a single crystal rod orienting to the [001] direction. The cross section of the
disc was a circle with φ = 6 mm. It was 1.5 mm thick. The orientation of the
[001] direction was confirmed by x ray diffraction pattern with an accuracy of
about 0.5◦. The x ray diffraction pattern were taken at Edagawa laboratory. The
diffraction pattern were not visible right after the disc as cut out from the single
crystal rod. The diffraction spots became clear after the sample was chemically
etched with Aqua regia which was prepared by mixing concentrated nitric acid
and concentrated hydrochloric acid with a volume ratio of 1 to 3. After fixing
the surface orientation of the sample disc with a goniometer, it was mechani-
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cally polished on an automatic lapping and polishing machine Musashino Denshi
MA-200. The polishing cloth and polishing particles were Nylon polishing cloth
by Buehler and Alumina particles with diameters of 1.0, 0.3 and 0.05 µm called
Buehler Micropolish II, respectively. The flatness of the disc after each polish was
checked by an optical stereo microscope. After the disc was polished with the
Alumina particles of 0.3 µm, it comes to get mirror reflection to the naked eyes.
Further polishing with Alumina particles of 0.05 µm got things worse, surpris-
ingly. The disc get several scratches visible to the naked eyes after polished with
the Alumina particles with 0.05 µm. I suspect that the quality of the product
is not as good as it should be. Therefore, I finished polishing process with the
Alumina particles of 0.3 µm.
An atomically flat surface of Au(001) was prepared in a RT-STM system
by Omicron. The crystallization was checked by low energy electron diffrac-
tion (LEED) and scanning tunneling microscopy (STM) at the room tempera-
ture. The chemical cleanliness was checked with the Auger electron spectroscopy
(AES). The optimized cleaning process was then repeated in the UHV chamber
for the laser desorption, although the cleanliness was not checked in situ, for this
chamber is not equipped with LEED. Following the previous reports [76, 77], the
sample was cleaned with several cycles of annealing at 670 K and Ar+ sputter-
ing at 500 eV. After these cleaning process, a clear LEED pattern was observed
as shown in Fig. 2.3 (a). The image is in good agreement with the previous
report [76, 77, 78, 79], indicating that the Au(001) surface was reconstructed
with (5× 20) pattern. The ideal surface of the Au(001) surface is square lattice,
whereas the (5× 20) pattern can be interpreted in such a way that the topmost
layer is compressed into a close-packed hexagonal lattice. Thus, we ideally can
regard this surfaces to possess a (111) like structure rather than (001) surfaces.
This is also confirmed by a STM observation of this surface. I note that the
annealing temperature is the best at 670 K.
In order to optimize the annealing temperature, I varied the annealing tem-
perature. With increasing annealing temperature up to 770 K, the sharpness
of the LEED spot observed at room temperature gets worse. With decreasing
annealing temperature down to 570 K, the sharpness of the LEED spot also got
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(c)	 (d)	
Figure 2.3: (a) Low energy electron diffraction pattern of a Au(001) surface
after cleaning process including several cycles of Ar+ sputtering and annealing
at 700 K in the ultra-high vacuum conditions. The electron energy was at 48
eV. The image shows a clear super structure of (5×20) reconstruction of topmost
layer, which is consistent with previous reports [76, 77]. (b) Low energy electron
diffraction pattern of the same surface observed in the UHV after it was exposed
to the ambient air for about 10 min. The electron energy was 60 eV in this
image. The image shows a (1 × 1) pattern with a relatively larger background
intensity compared to (a). (c) and (d) are STM images taken at RT showing the
herringbone structure.
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worse. Therefore, it is concluded that the best annealing temperature is around
670 K. It took only 5 to 10 min to get the LEED spot sharp. Furthermore, I
checked the resistivity of this clean surface to the ambient air. After obtaining the
sharp LEED spot, I take out the Au sample from the UHV chamber via the load
lock. Then, after the exposure of the sample to the ambient air for about 10 min,
I got the Au sample into the UHV chamber again. Soon after that, I checked the
cleanliness of the surface by observing the LEED pattern. The LEED pattern
could be observed without any treatment. The observed LEED image showed
(1 × 1) pattern as shown in Fig. 2.3 (b). This may have resulted from the fact
that the (5 × 20) reconstruction of the topmost Au layer was lifted or that the
some adsorbed molecule formed the periodic lattice of (1×1) pattern. I annealed
the Au surface at 670 K for 5 min and observed the LEED pattern again. The
LEED image showed a clean (5×20) reconstructed pattern. This means that with
the annealing 670 K the Au(001) surface restores the clean reconstructed surface
even after it was exposed to the ambient air. This result shows the significant
nobleness of this surface as compared to other metal surfaces such as Pt, Pd or
Ir, for with those surfaces does not retain a clean surface such easily. In this way,
the cleaning process was successfully optimized.
The Au disc was mounted on a sample manipulator as shown in Fig. 2.4, which
was then installed into the UHV chamber for the laser desorption experiment.
The sample manipulator was prepared so that the Au surface could be annealed
and cooled. The sample manipulator consists of the closed-cycle He-compression
type refrigerator IWATANI Cryo mini D310 and the copper block mounted at
the end of the refrigerator. The Au disc was mounted on a Ta plate with the
thickness of about 0.1 mm. The Au disc was held by two Ta wires with φ = 0.5
mm and was directly spot welded to those wires. The Ta wires were also spot
welded to the Ta plate. In this way, the thermal contact of the Au disc to the Ta
plate was assured. It was not easy to spot weld the Au disc to the Ta wire. Thus,
I increased the power of the spot welder to do that. It was successful, although
the bond was not as strong as the bond formed between Ta and Ta or Ta and W.
I did this because it is of some importance to make sure that the thermal contact
between Au disc and the Ta plate.
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Figure 2.4: A schematics of the sample holder.
The Ta plate was electrically floated from the Cu block on which the Ta
plate was mounted. The Ta plate was electrically floated so that the Au sample
could be heated by electron bombardment. Between the Cu block and the Ta
plate, a single crystal sapphire spacer was inserted so that the Ta plate should be
electrically floated and should gain the most of the thermal contact with the Cu
block. Right behind the Ta plate, I placed a W wire of φ = 0.3 mm as a heater.
The W wire was used both as a radiative heater and as an electron source for the
electron bombardment. An area of the Ta plate right behind the Au disc was cut
out in a circle of φ = 5 mm so that the electron could bombard the disc directly.
For the measurement of the temperature of the sample, I directly spot welded
the thermocouple of type K (chromel-alumel) to the side of the Au disc. This
welding was also tough thanks to the good thermal conductivity of gold. This is
worth doing because it is always best to measure the temperature of the sample
directly. In the case of a metal sample, little temperature distribution within
the sample disc is expected. At the sample, the lowest temperature reached
was 20 K. With a radiation shield, the sample temperature should have got to
the same temperature as the cyrohead. The temperature at the cryohead was
monitored by another thermocouple of type E (chromel-constantan), where the
lowest temperature observed was 10 K.
For the heating of the sample, two regulated DC power supplies were used.
KIKUSUI PAS40-9 was used for the current supply to the W wire up to 7 A.
KIKUSUI PAS500-1.2 was used to accelerate the thermal electrons emitted from
the hot W filament for the electron bombardment up to 500 V. At a typical
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heating condition of 7 A and 10 V, the sample temperature gets to 600 K with the
refrigerator working. With the sample bias of −500 V, the emission current gets
to 0.2 or 0.3 A. The emission current was very sensitive to the current supplied
to the filament at around 7 A. It is because the temperature of the filament T is
determined by the current supplied to the filament and because the yield (IEM)
of the thermal emission of the electrons obeys the form of IEM ∝ exp(−E0/kT ),
where E0 is the work function of the filament. The highest temperature of the
sample was about 1000 K with the refrigerator working.
The physisorbed layers of Xe and Kr were prepared by backfilling the chamber.
As mentioned above, the clean surface of Au(001) is reconstructed to a close-
packed hexagonal structure. The density of atoms at the topmost layer is then
about 1.4× 1019 atoms/m2. The Van der Waals radius of Xe and Kr are 2.2 and
2.0 A˚, whereas the half of the lattice constant of Au is 1.4 A˚. Therefore, neither
Xe nor Kr can form a (1 × 1) structure. Although there has been no reports
on the adsorption structure of Xe and Kr on Au(001), on many other metal
(111) surfaces it has been reported that Xe and Kr form a (
√
3×√3) structure
[9]. Therefore, I assumed that the first layer forms a (
√
3 × √3) structure and
estimated the density of the first physisrobed layer to be 1/3 of the density of the
topmost layer of the substrate. In this study, I defined the monolayer saturation
density ΘS to be 4.5× 1018 atoms/m2.
The coverages of Xe and Kr layers were determined in the following way.
The yield of exposure of Xe and Kr is measured in Langmuir (L), where 1 L
corresponds to (1 × 10−4 torr) × (100 s). The time-evolution of coverage Θ
(atoms/m2) of adsorbed atoms can be expressed as
Θ =
∫ t
0
S(Θ)Γdt, (2.1)
where S(Θ) is the sticking probability and Γ is the impinging rate of gas atoms.
The impinging rate is expressed as
Γ =
p√
2pimkT
, (2.2)
where p, m, k and T are pressure, mass of the gas atom, Boltzmann constant
and the temperature of the gas. Given S(Θ) is constant at unity, the monolayer
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Figure 2.5: Laser induced thermal desorption intensity as a function of initial Xe
exposure. The substrate was Au(001) at 80 K, where only monolayer can form.
The solid line is the guide for the eyes. The dashed line is the theoretical result
based on the Langmuir type adsorption. The deviation means that the sticking
probability s is constant such as S(Θ) = c rather than S(Θ) = c(Θ/ΘS − 1)
during the first layer growth.
completion is calculated to occur at 2.8 L. In the Langmuir type adsorption, s
is expressed as S(Θ) = c(Θ/ΘS − 1), where c and (Θ/ΘS − 1) are the initial
sticking probability and the repulsion factor. I experimentally observed the Xe
coverage Θ on a clean Au(001) as a function of Xe exposure by measuring the
laser induced thermal desorption yield, the detail of which will be described later.
On Ag and Pt surfaces, only monolayer can be formed at 80 K. Thus, I expect
that on Au(001) at 80 K, only monolayer is formed. The result is shown in Fig.
2.5. The result shows that Θ increases almost linearly with Xe exposure at 0 to 3
L. Above 3 L, the LITD yield become constant. The solid lines are drawn as the
guide for the eyes. Figure 2.5 also shows the dashed line, which is the theoretical
line based on the Langmuir type adsorption (i.e. S(Θ) = c(Θ/ΘS − 1)). The
theoretical line is not in good agreement with the experimental result. The fact
indicates that the sticking probability at 0 < Θ < 1 ML is not dependent on the
coverage Θ described simply as s = c rather than S(Θ) = c(Θ/ΘS − 1).
As a pulse laser source, an ArF excimer laser LAMBDA PHYSIK OPTex and
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a Nd: YAG (yttrium aluminum garnet) laser Spectra-Physics Quanta-Ray DCR-
11 were used. The photon energy and the pulse duration were (6.4 eV, 8 ns) and
(2.3 eV, 7 ns), respectively. As for the Nd:YAG laser, only the second harmonics
of the fundamental IR of 1064 nm was used in the experiment. With the use
of the third harmonic, the photons at the energy of 3.4 eV was also available,
although it was not used. The maximum power of the excimer laser at the exit
of the laser was at around 14 mJ per pulse. The UV laser seemed to be slightly
absorbed by the ambient air. I guess it was the O2 that absorbed the UV.
The UV laser pulse is not visible to the naked eyes. Thus, they were guided
to the UHV chamber with a help of He-Ne continuous laser (532 nm). The laser
path was first established with the He-Ne laser. After that the UV laser pulse
was tuned and guided to follow the same path. The position of the UV laser
is easily seen by disturbing the light path with any paper. I preferred ordinary
copy paper. The UV light was easily checked in the air. However, the position of
the UV laser spot on the sample surface suspended inside the vacuum chamber
is not easy to see. The UV laser does not reveal itself on the sample surface
unlike the visible lasers do whose location is visible by their diffused scattering
even on mirror-reflective surfaces. In order to make the position of the UV laser
spot on the sample in the vacuum chamber, I placed a sapphire block next to the
Au sample. I first irradiate the sapphire surface by the UV laser pulse to make
sure it is there and that the UV laser pulse is exactly following He-Ne laser. The
fluorescence of the UV laser by the sapphire block was clearly seen as a bright
violet light spot. The sample manipulator slides on a linear guide. The sample
is located the position so that with it can be moved to the place where the UV
laser was irradiating the sapphire with a slide of 2 cm.
The incident angle of the incoming laser light on the sample surface is about
25◦ from the surface normal. The incident laser light gets in the UHV chamber
via a quartz window, which is transparent for the UV light. The reflected laser
light escapes the UHV chamber through another quartz window. The UV and
visible laser were both focused with a quartz lens of which the focal length was
30 cm. The sample surface needed to be off focus if otherwise the surface is
greatly damaged by the laser as extensively as it can be seen by the eyes. The
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reflectivity of the UV laser of 6.4 eV and visible laser of 2.3 eV on the gold
surface was calculated using the Fresnel equation and deduced to be 0.2 and 0.8,
respectively.
As a detector for the laser desorbed species, a QMS is placed in surface normal
direction. The flight distance of the desorbed atoms from the surface and the
ionization chamber of the QMS was 10 cm. The QMS consists of the analyzer
called Balzars QMA 125 90◦ SEM type, the power supply called Balzars QME
125 and the controller called Balzars QMG 112A. The ion current was magnified
with the SEM inside the QMA 125. When the mass spectrum of the residual
gas was measured, the signal current from the SEM was further amplified with
current amplifier EP 422 and fed to the computer. On the other hand, in the
laser induced desorption experiment the EP 422 needed to be replaced by a fast
current amplifier called Keithley 427, the output of which is fed to the oscilloscope
called Tektronix TDS-620B. This alternation concerns the time response of the
electronics, which will be mentioned a little later. The mass spectrum of Xe
is measured as a mass spectrum of the QMS as shown in Fig. 2.6. Natural
abundance of Xe isotopes were is reported to be (129Xe, 26 %), (131Xe, 21 %),
(132Xe, 27 %), (134Xe, 10 %) and (136Xe, 9 %). The experimental observation is
in good agreement with the reported values.
Generally it can be said that the sensitivity of the QMS to the massive atoms
or molecules is relatively small compared to that to the light atoms or molecules.
This is due to the time required for an ionized particle to pass through the mass
pole. Thus, the sensitivity of QMS to massive atoms like Xe is small. TOF
measurement in laser desorption experiment requires high sensitivity. In order
to detect the desorption yield as a function of time, a good time response of
the measurement electronics is required. To achieve a good time response of the
electronics, the measured current or voltage has to be large. This also can be
generally said that the selectivity and the sensitivity of a detector has a relation
of trade off with each other. Hence, I further tuned the mass resolution of the
QMS to the lowest achieved. The result is also shown in Fig. 2.6.
For the TOF measurement with a QMS, the use of a fast current amplifier
such as Keithley 427 is of some importance. The thermal velocity of atoms are
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Figure 2.6: Mass spectrum of Xe gas at p = 5 × 10−7 Pa with the QMS tuned
to high mass resolution and with the QMS tuned to a low mass resolution. The
inset shows the magnification of the area wrapped by the dashed rectangular.
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in the same order of the sound speed, which is a few hundred m/s. The TOF
distance from the sample to the detector is usually a few to a few tens of cm.
Thus, the typical TOF is in the order of several microns to several milli seconds.
The electronics has to have this range of time response for measurements of the
TOF spectra. The typical ion current output from the SEM of the QMS is in the
order of pico A as shown in the inset of Fig. 2.6. Ordinary picoammeter such as
Keithley model 617 or others have a poor time response of about a few seconds
during the measurement of pico to nano A. The fast current amplifier (Keithley
427) has the time response of about a few micron seconds during measuring a
few nano A (i.e. amplification of 106 V/A). The smaller the ion current, the time
response gets longer. Thus, it is definitely needed in the TOF measurements that
the signal current supplied from QMS/SEM to the fast current amplifier is in the
order of a few nano A or larger. Signals weaker than a few nano A is not able to
amplified enough to observed by these electronics. The resultant signal is in the
order of a few milli Volts in order for them to be recorded by A/D converter of
an oscilloscope or computer.
I established two kinds of electronics for the TOF measurement with QMS as
shown in Fig. 2.7 (a) and (b). I first established the circuit A for laser desorption
experiment. Later, for the simplicity of the measurement and data handling, I
established circuit B. The circuit B was as good as circuit A used in the laser
induced desorption with a single pulse, although it is not sophisticated enough
for the experiment with multiple pulses. Both circuit A and B amplify the ion
current from the QMS with a fast current amplifier Keithley 427 at a gain of
106 V/A where the time response is ∼ 3 µs. The output of Keithley 427 is a
voltage of a few mV which shows a time evolution at µs order. In the circuit
A, the output signal is fed to a digital oscilloscope (Tektronix TDS-620B) which
is synchronized with the laser by a trigger pulse which is generated by a pulse
generator Stanford Research DG535. The time response of the oscilloscope is
sub nano second in the fastest regime. Thus, the time response of the whole
electronics is determined by the fast current amplifier as well as the sensitivity.
Circuit B has an A/D converter National Instruments NI-USB-6363 connected
to a computer in stead of an oscilloscope and a pulse generator. The USB-6363
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is able to record the signal voltage at a speed of sub micron seconds, which is
not as fast as the oscilloscope but is fast enough to record the TOF spectra. The
USB-6363 is also equipped with a digital output, which is used as a pulse source
in this circuit.
Two TOF spectra of Xe from Au(001) following laser irradiations were recorded
with circuit A and circuit B at the same time as shown in Fig. 2.7 (c) and (d).
Initially prepared Xe coverage on Au(001) was 1 ML. Keithley 427 has two output
channels which were thus able to be fed to the oscilloscope and NI-USB at the
same time. The time resolution of two recorders were both set to 2 µs. The two
TOF spectra shown in Fig. 2.7 (c) is almost identical to those in Fig. 2.7 (d),
although they do not look precisely the same with each other. The slight differ-
ence seen with a close look at them may resulted from the different clock timing
of each A/D converters, although the input signals were identical. Anyway, it
was confirmed that those two electronic circuits were effectively the same. In the
experiment, both circuits were used considering the conditions of measurements.
The circuit A was used both in laser induced thermal desorption experiment and
non-thermal photon stimulated desorption experiment, whereas the circuit B was
used only in the laser induced thermal desorption experiment.
With some analyses of the observed TOF, several parameters such as trans-
lational temperature of the desorbing particles and its desorption yield could be
deduced. The analysis is based on an ideal assumption. The assumption is that
as a result of the laser irradiation on the surface, it produces a thermalized gas at
the surface. Some of the gas atoms fly to the detector in surface normal. Another
assumption is that the gas disappears in a so short time period as a few nano
seconds. This time period can be regarded as almost a Delta function compared
with the TOF. What I observed in the experiment are shown for instance in Fig.
2.7 (c) and (d). The velocity distribution of the gas at a temperature of T at the
surface is expressed using a Maxwell-Boltzmann velocity distribution
f(v, z = 0)dv = A exp
(
−mv
2
2kT
)
dv, (2.3)
where v, z, A, m and k are velocity vector in Cartesian coordinate v = (vx, vy, vz),
distance from the surface, normalization factor, mass of a atom or molecule and
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Figure 2.7: (a) A data acquisition circuit for laser desorption experiment using
an oscilloscope as a recorder. (b) Another data acquisition circuit for the same
objective using an A/D converter as a recorder and a trigger at the same time.
(c) Time of flight spectrum of Xe from Au(001) following laser irradiation. This
data were recorded with the circuit A. (d) Same data as shown in (c) recorded at
the same time with circuit B.
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Boltzmann constant, respectively. Equation (2.3) can be transformed into po-
lar coordinate with the relations (vx, vy, vz) = (v cos θ cosφ, v cos θ sinφ, v sin θ),
which yields
f(v, θ, φ, z = 0)dvdθdφ = A exp
(
−mv
2
2kT
)
v2 sin θdvdθdφ. (2.4)
In the present geometry, the origin of the polar coordinate is fixed at the
irradiation spot. The detector is located at a distance of 10 cm from the surface
plane in the surface normal direction. The irradiation area is in an order of 1 -
10 mm2. Thus, the coordinate of the detector is (θ ∼ 0, φ, z = 10 cm). The
velocity distribution of atoms directing in the direction to the detector in the
present geometry can be expressed as
f(v, z = 0)dv = A′v2 exp
(
−mv
2
2kT
)
dv, (2.5)
where A′ is a normalization factor.
I first consider an ideal case where the desorption occurs in a flash. In this
case, the desorption flux can be expressed as F (t) = δ(t − t0), where t0 is the
instance of pulse laser irradiation. The relation between time of flight t− t0, the
flight distance L and the velocity of an atom v is
t = L/v + t0. (2.6)
If t0 is taken to be 0, Eq. (2.6) becomes t = L/v. f(v)dv is proportional to
the number of atoms having the velocity between v and v+ dv. These atoms are
considered to reach the detector at the time between t and t+ dt where t = L/v
holds. Therefore, it is reasonable to consider a time-of-flight function fF(t)dt
which is related to f(v)dv as
fF(t)dt = f(v)dv. (2.7)
With v being replaced with L/t, Eq. (2.7) is transformed into,
fF(t)dt = A
′′t−4 exp
{
− m
2kT
(
t
L
)2}
dt, (2.8)
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Figure 2.8: A schematics of desorption from the surface and the TOF measure-
ment.
where A′′ is a normalization factor. Equation (2.7) is directly applied to the
experimentally obtained TOF spectra using a flux sensitive detector.
In the case where a density sensitive detector is used, the TOF spectra fD(t)dt
should look a little different from Eq. (2.8) as
fD(t)dt =
fF(t)
v
dt, (2.9)
with a factor of 1/v. The density sensitive detector sense the particle density
rather than particle flux. The density is proportional to the particle flux divided
by the particle velocity in case the particles flies in one direction. It readily follows
from Eq. (2.8) and Eq. (2.9) that
fD(t)dt = A
′′′t−3 exp
{
− m
2kT
(
t
L
)2}
dt, (2.10)
where A′′′ is the normalization factor and the only difference from Eq. (2.8)
is the exponents of the first t on the right hand side. The detectors have each
principles of detection which are either classified into density sensitive detections,
flux sensitive detections or else. The QMS as used in the present study principally
detects the density of the gas. Therefore, Eq. (2.10) is the most frequently used
form in the analysis of the TOF spectra of the present study.
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2.2 Nuclear resonant scattering
The purpose of the experiment was to investigate the hyperfine structure of the
nucleus of 83Kr physisorbed on solid surfaces. It was speculated that through
hyperfine structure of 83Kr I could acquire the physical information on the elec-
tronic structure of physisorbed Kr. In order to realize the measurement, nuclear
resonant scattering (NRS) was performed at SPring-8 BL09XU, Japan. Before
this experiment, NRS of gas atoms at a well-defined surface was not performed
anywhere. For the experiment I establish and installed a UHV chamber into an
experiment hatch in BL09XU which can hold a well defined surface and position
the sample precisely against the synchrotron radiation at the same time.
Present experiments at SPring-8 were performed from late 2011 to late 2012
under the approval of 4 proposals below by the SPring-8 proposal review com-
mittee. The proposals were and a general proposal of which the project leader
was Prof. T. Okano and three budding researchers support proposals of which
the project leader was A. I.
1. (2011B1188) Simultaneous measurement of nuclear resonant x ray scatter-
ing and conversion electron emission from physisorbed krypton layer.
2. (2011B1695) Nano-second observation of 2-dimensional phase transition
and surface diffusion of the adsorbed monolayer
3. (2012A1560) Mo¨ssbauer spectroscopy of physisorbed krypton mono-layer
on a solid surface: As a probe of the electric field gradient and dynamics
on a solid surface
4. (2012B1699) Measurement of electric field gradient on solid surfaces us-
ing Mo¨ssbauer spectroscopy of physisorbed Kr layer: Metal surfaces and
amorphous solid water surfaces
2.2.1 Nuclear energy levels of 83Kr
At the ground state, the 83Kr nucleus posseses a nuclear spin of 9/2 [72, 81].
With radio isotopes of 83Br or 83Rb, one can observe a γ decay of an excited 83Kr
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Figure 2.9: A schematics of decay scheme of 83Kr using radio isotope of 83Br or
83Rb. The image is adopted from Ref. [80].
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Figure 2.10: Schematic drawings of the distribution of nuclear charge and the
nuclear spin I. With I ≥ 1 the charge distribution become non-spherical and
possess a quadrupole moment Q > 0 or Q < 0. The image is adopted from Ref.
[66].
to the ground state with a γ ray emission at 9.4 keV. With conventional time
to pulse height technique, Ruby and coworkers measured the natural half-life of
the first excited state of 83Kr to be 147 ns. The parity of the both states are +
(even). A schematic diagram is shown in Fig. 2.9.
Nuclei consist of protons and neutrons. The whole nuclei possess a nuclear
spin I. The nuclear spin I is expressed as I = S + L, where S and L are
total spin of the nucleon and total orbital angular momentum of the nucleon,
respectively. Generally, the nuclei are spherical with I = 0 and 1/2, whereas
they possess magnetic moment with I > 1/2. The charge distribution of the
nuclei with I > 1/2 are no longer spherical, which is schematically shown in Fig.
2.10.
The interaction between the charge and the current of the nucleus and the
surrounding electric field is described as
E =
∫
ρ(r)V (r)dr, (2.11)
where ρ(r), V (r) are charge distribution of the nucleus and the electric potential
at the nucleus. The magnetic interactions are not taken into account here. In
the present thesis we focus only on the electric interaction. The scalar potential
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in Eq. (2.11) can be expanded as a Taylor series at the nucleus as
V (r) = V (0) +
∑
i
xixjVi +
1
2
∑
i,j
xixjVij + · · · , (2.12)
where,
Vi =
(
∂V
∂xi
)
r=0
and Vij =
(
∂2V
∂xi∂xj
)
r=0
.
Equation (2.12) is then inserted into Eq. (2.11). Then, we get
E = V (0)
∫
ρdr +
∑
i
Vi
∫
ρ(r)xidr +
1
2
∑
i,j
Vi,j
∫
ρ(r)xixjdr + · · · , (2.13)
The first term is the direct interaction between the total charge of the nucleus
and the electric potential at the nucleus. In this term, the charge is regarded as a
point charge at the nucleus. The second term describes the interaction between
the electric dipole moment and the electric field. In the case of the nucleus,
the nucleus does not have an electric dipole moment because the parity of ρ(r)
is always even. Thus, we can neglect this term. The third term is what we
concern in this study. It is called a quadrupole interaction against the electric
field gradient. Both quadrupole moment and the electric field gradient are tensor
of rank 2.
If we concentrate on the interaction between the quadrupole moment of the
nucleus and the electric filed gradient, the energy of the quadrupole interaction
reads
HQ =
∑
i,j
Qi,j
(
∂Ej
∂xi
)
. (2.14)
Q is the tensor defining the quadrupole charge distribution in the nucleus. Its
irreducible components in terms of coordinates x, y, z are given by
Q0 =
eQ
2I(2I − 1)(3I
2
z − I2),
Q±1 =
eQ
2I(2I − 1)
√
6
2
[Iz(Ix ± iIy) + (Ix ± iIy)Iz], (2.15)
Q±2 =
√
6eQ
4I(2I − 1)(Ix ± iIy)
2,
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where scalar quadrupole moment Q of the nucleus is defined by
eQ =
∫
ρ(r)(3xixj − r2)dr (2.16)
where ρi is the charge density in a small volume element dτi inside the nucleus
at a distance ri from the center, and θiI is the angle which the radius vector ri
makes with the nuclear spin axis.
The electric field gradient (EFG) at the nucleus appears in Eq. (2.12) and
(2.14) is also defined by the tensor having 9 components Vij in Cartesian coordi-
nates, where
Vij =
∂Ej
∂xi
=
∂2V
∂xi∂xj
. (2.17)
We are considering the electric field at nucleus generated by a surrounding elec-
tron cloud. The electrons can be considered to be outside the nucleus. Thus, if
the Laplace equation gives Vxx + Vyy + Vzz = 0. In this case Vij is a symmetric
traceless tensor. If we take a set of principal axes X, Y , Z in a way that the EFG
in Z direction is the largest, they are expressed as
(∇E)0 = 1
2
VZZ =
1
2
eq,
(∇E)±1 = 0, (2.18)
(∇E)±2 = 1
2
√
6
(VXX − VY Y ) = 1
2
√
6
ηeq,
where η is the asymmetry parameter for the field gradient tensor defined as
η =
VXX − VY Y
VZZ
. (2.19)
Given that the field gradient is axially symmetric, we can take η = 0. In
that case, we only need to consider the EFG in the axial direction VZZ . In our
discussion, we take the relation |VXX | ≤ |VY Y | ≤ |VZZ |. Therefore, we ensure that
0 ≤ η ≤ 1. Our experiment was performed on a TiO2(110) surface. We regard
the main axis to be the surface normal. Intuitively, (110) surface is not axially
symmetric. In my experiment, I consider the physisorbed Kr which is located
a few A˚ above the surface. Because the potential well of the physisorbates are
located far from the surface, the symmetric parameter η may be considered to be
close to 0 in the present case. I discuss this later in the section of DISCUSSION.
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As we can see from the Eq. (2.15) and Eq. (2.18) under the condition that
η = 0, the matrix elements of the Hamiltonian of the quadrupole interactions
with regard to the nucleus at the state of |I,m〉
〈I,m′|HQ|I,m〉 = e
2qQ
4I(2I − 1)
{
3m2 − I(I + 1)} δmm′ . (2.20)
Then, the quadrupole interaction energy as a function of magnetic quantum num-
bers EQm can be written as,
EQm =
e2qQ
4I(2I − 1)
{
3m2 − I(I + 1)} , (2.21)
where m = Iz with z as a quantization axis. With Eq. (2.21), the energy
levels of the nuclei with the state of |I,m〉 under the quadrupole interactions are
estimated. In the cases where EFG have the non-axial symmetry (η 6= 0), the
estimation is a bit more complex, involving solutions of secular equation with the
order of (I + 1/2)/2 [82].
We consider a case of 83Kr. It possess a nuclear spin I = 9/2 at the ground
state and it possess the nuclear spin I = 7/2 at the first excited state. If the
nucleus is put in an EFG with axial symmetry where η = 0, the quadrupole
splitting of the energy levels are described by Eq. (2.21). As can be seen from the
Eq. (2.21), the energy levels are degenerated such as EQ 1
2
= EQ− 1
2
, EQ 3
2
= EQ− 3
2
and so forth. Therefore, the ground state of 83Kr I = 9/2 are split into 5 levels.
The excited state I = 7/2 is split into 4 levels. If all the transitions are allowed
in x ray absorption, 20 transitions are present. By virtue of the selection rule
of the M1 transition, only transitions with ∆m = 0,±1 are allowed. Hence, we
expect 11 transitions from the ground state to the excited state in terms of the
x ray absorption by the nuclei of 83Kr as schematically shown in Fig. 2.11. This
number of transitions are expected if the incident x or γ ray are unpolarized
and the absorber sample is a poly-crystal. The number of transitions are further
decreased if the polarization and the crystal axis of the sample is controlled.
2.2.2 Experimental setup in SPring-8 BL09XU
In the SPring-8 BL09XU, there are instruments for the nuclear resonant scat-
tering experiment, including the monochromator of the incident light for various
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Figure 2.11: A schematic drawing of nuclear energy levels of 83Kr at ground
and first excited state under electric field gradient. The relative strength of the
quadrupole splitting is determined using Eq. (2.21) and assuming the ratio of the
quadrupole moment R = Q(7/2)/Q(9/2) = 2 as reported by Kolk and coworkers
[80, 83]. The vertical lines shows a eleven transitions with ∆m = 0,±1 which are
allowed in M1 transition. The transition with ∆m = 0 are emphasized with four
thick solid lines.
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Figure 2.12: Possible pure quadrupole spectra showing the dependence on the
ratio Q(7/2)/Q(9/2). The image is adopted from Ref. [81].
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Mo¨ssbauer isotopes and the fast electronics for the measurement of the time spec-
tra. They are developed and maintained by Dr. Y. Yoda. What we did here was
to installed a UHV chamber with which the well-defined monolayer 83Kr on solid
surfaces can be prepared. The objective of the experiment was to see if it is possi-
ble to obtained the hyperfine structure in the time spectra of NRS of 83Kr at the
solid surface. Therefore, as a plausible surface, the TiO2(110) surface was used.
This surface is relatively resistive against contaminations compared with metal
surfaces. The surface was once cleaned in another UHV chamber by annealing at
1000 K. Then it was installed in the UHV chamber in SPring-8 BL09XU.
As shown in Fig. 2.13, in the present study the polarization is parallel to the
surface normal direction. In this configuration, it is expected only 4 ∆m = 0
transitions in all the M1 transitions are allowed. It is thus expected that a simple
quantum beat structure appears in the time spectrum of NRS of 83Kr at the
TiO2(110) surfaces.
A schematic drawing of the experimental setup for the NRS experiment is
shown in Fig. 2.14. The synchrotron radiation was generated at the undulator
installed in the beam line. The brilliance of the initial synchrotron radiation is
about 1013−15 photons/s with the energy width of a few eV. The photon energy is
about 9.4 keV for the excitation of 83Kr from I = 9/2 to I = 7/2. The excitation
involves the M1 transition where the parity is unchanged. In the present case
the parity of the ground and first excited state of both + (even). The natural
lifetime of the excited 83Kr is reported to be 212 ns which corresponds to 3 neV
in the energy domain [72]. The incident light is further monochromized with two
monochromators to an energy resolution of a few meV to a few tens of meV. The
incident light is generated by the electron bunch in the synchrotron. Therefore,
they are pulsed in the time scale of a few pico seconds. The time interval between
the pulsed light is determined by the bunch mode of the synchrotron. It is
not possible to measure a time spectra which is longer than the bunch period.
Therefore, in the measurement of the time spectra, one needs to use a bunch mode
which is relatively longer than the natural life time or quantum beat frequency.
In the present study, we chosed the bunch modes in SPring-8 which is about 300
ns and 600 ns.
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Figure 2.13: A schematic drawing of experimental geometry of the NRS of 83Kr
at TiO2(110). The polarization of the synchrotron radiation (SR) with regard
to the sample surface is emphasized. Looked from a physisorbate which is sits
in a potential well whose bottom is a few A˚ away from the surface, generally
speaking the principal axis of the electric field gradient is directing a surface
normal direction. A striking feature of the synchrotron radiation is that they are
linearly polarized. In M1 transition, if the polarization of the magnetic vector
is parallel to the quantization axis (z in this case) of the sample, only ∆m = 0
transitions are excited. On the other hand, if the magnetic vector is polarized
perpendicular to the quantization axis (z in this case), only ∆m = ±1 transitions
are excited.
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The pulsed synchrotron radiation is incident on the sample surface in the UHV
chamber with a glancing angle regime through a Be window. This is realized
with a UHV type goniomator on which a sample manipulator is mounted. This
is developed by Kawauchi et al. [84]. With this UHV reflectometer, the sample
was precisely angled against the synchrotron radiation from -2◦ to +2◦ with an
accuracy of ±1/1000◦. The mirror reflected x ray on the sample surface gets
out of the UHV chamber via another Be window and incident on the avalanche
photo-diode (APD) which posseses eight detectors for an efficient detection of
the resonant signal. The measurements are typically a repetition of the pulse
irradiation of x ray. The time duration of the repetition is about ∼ 1 micron
seconds. The pulse duration is about a few pico seconds order. The delay signal
is in the order of a few or a few tens of nano seconds. The electronics has to be
as fast as sub nano seconds which is realized by a pulse count system. The pulse
and the electronics are synchronized with a timing signal generated in and sent
from the beam line.
The UHV chamber consists of the main chamber which is evacuated by a main
turbo molecular pump which is evacuated by a pumping station. The sample
manipulator is identical to the one used for the laser desorption experiment. In
this case, a little modification of the sample mounter is conducted. In Fig. 2.4
the sample is electrically floated from the ground. In the NRS experiment, this
spacer is removed for a better thermal contact with the refrigerator. With this
treatment, the sample is stably cooled at 19 - 20 K. The base pressure is at
2.0 × 10−8 Pa. The sample gas are natural Kr and isotope enriched 83Kr gas.
Natural abundance of 83Kr is 10 %. The isotope enriched gas contains 83Kr with
a ratio of 70 %. Both gas were introduced into the UHV chamber via a variable
leak valve. By controlling the exposure time and pressure, the sample thickness
was varied.
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Figure 2.14: A schematic drawing of the experimental setup for the nuclear
resonant scattering from 83Kr at surfaces. Synchrotron radiation (SR) is
monochromized with two monochromators. The SR is then incident on a sample
surface with a glancing angle. The mirror reflection is detected with an Avalanche
photodiode (APD), which is a fast detector for x ray.
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Chapter 3
Results
In this chapter, experimental results of laser desorption of Xe and nuclear reso-
nant scattering are presented. In the first section, the results of laser desorption
experiments are presented. All these experiments were carried out using the setup
developed for the laser desorption experience as shown in Fig. 2.1. The desorp-
tion of Xe was investigated by the time-of-flight measurement, which showed a
wavelength dependence, fluence dependence and the desorption flux dependence.
In the next section, the experimental results obtained in SPring-8 BL09XU are
presented. The experiment starts from the x ray reflectivity measurement. The
resonance of 83Kr was successfully obtained for the first time in SPring-8 BL09XU.
Furthermore, the determination of the coverage of Kr was achieved using the NRS
intensity as a probe. In the end, the measurement of the time spectra of NRS
from 83Kr at the solid surface was presented.
3.1 Laser desorption of Xe from Au(001)
In this section, the experimental results of laser induced desorption of Xe from
a Au(001) surface are presented. The whole results are divided into three parts.
First, the laser induced desorption of Xe in the condition where the coverage of
Xe Θ kept constant at 1 ML is presented. The parameter here are the wavelength
of the incident laser pulse at 2.3 and 6.4 eV, and the incident laser fluence. The
result shows a striking dependence both on the wavelength and the fluence of the
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Figure 3.1: Time-of-flight spectra of desorbing Xe atoms from Au (001) following
pulse laser irradiation. On each spectra, the photon energy and the absorbed
energy by the sample are denoted. Data of (a), (b) and (c), (d) were recorded
with a single pulse and the accumulation of over 120 pulses, respectively.
incident laser pulse. Secondly, the results of laser induced desorption under the
condition where only laser induced thermal desorption is operative are presented.
Here, the parameter is Θ, while the laser fluence or photon energy was kept
constant.
3.1.1 Fluence dependence
The time-of-flight (TOF) of desorbing Xe atoms upon laser irradiation was recorded
at a wide range of laser pulse energy absorbed by the sample (IL) for both 6.4 and
2.3 eV photons. IL was estimated by taking account of the reflectivity on Au (0.8
for 2.3 eV and 0.2 for 6.4 eV). Figure 3.1 shows typical TOF results. The data
reveal a maximum at a TOF of 400 µs with a tailing feature in the long TOF re-
gion. TOF was recorded with only one pulse for both 6.4 and 2.3 eV photons with
IL > 10 mJ/pulse cm
2 [Figs. 3.1 (a) and 3.1 (b)]. With IL < 10 mJ/pulse cm
2,
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on the other hand, TOF was recorded by accumulating over 120 data [Figs. 3.1
(c) and 3.1 (d)] because the Xe desorption yield was small. Whereas a substan-
tial desorption yield was observed with 6.4 eV photons as shown in Fig. 3.1 (c),
no significant signal was recorded with 2.3 eV photons as shown in Fig. 3.1 (d).
Solid curves in Fig. 3.1 are fits to the data with a sum of two Maxwell-Boltzmann
(MB) velocity distributions described as
f(v) = A1v
2 exp
(
− mv
2
2kTD1
)
+ A2v
2 exp
(
− mv
2
2kTD2
)
, (3.1)
where m and k are mass of a Xe atom and the Boltzmann constant, respectively,
and Ai and the translational temperature TDi are fitting parameters. In the
analysis, the form is converted to the flux weighted form. In the following, we
discuss only the fast component of the TOF.
Figures 3.2 (a) and 3.2 (b) show TD1 and the Xe desorption yield of the first
component (Y1) plotted as a function of IL, respectively. We first focus on the
region of IL > 32 mJ/pulse cm
2. In this region, TD1 increases with increasing IL
from about 200 K at 32 mJ/pulse cm2 and saturates at about 300 K, for both
6.4 and 2.3 eV photons. In Fig 3.2 (b), Y1 shows a sharp increase at 32 mJ/pulse
cm2. The behavior of TD1 and Y1 indicates that the Xe desorption is thermally
activated with IL > 32 mJ/pulse cm
2 [19, 20]. For the quantitative analysis,
we carried out numerical calculations of the surface temperature (TS) during
laser irradiation on the basis of the one-dimensional heat conduction equation
[85]. Subsequently, the time evolution of the Xe coverage and the Xe desorption
rate (i.e., LITD) was deduced by employing the first-order desorption kinetics
assuming the activation energy for desorption of Xe from Au(001) to be 240 meV
[86]. By the calculations above, we obtained the surface temperature at maximum
Xe desorption rate (TDM) and the maximum surface temperature (TSM) following
laser pulse irradiation with IL. The calculated results are shown in Fig. 3.3.
TDM and TSM deduced from the calculation are depicted as a function of IL
in Fig. 3.2 (a) as dashed and solid curves, respectively. TD1 obtained by the
experimental results is in good agreement with TDM, indicating that LITD of Xe
is dominant with IL > 32 mJ/pulse cm
2. TDM deviates from TSM with IL > 50
mJ/pulse cm2 because desorption occurs before the surface temperature reaches
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Figure 3.2: (a) Translational temperature (TD1) of Xe atoms desorbed from
Au(001) following laser irradiation as a function of absorbed laser pulse energy
(IL). Solid and dashed lines are calculated results of the surface temperature
at the maximum desorption rate (TDM) and the maximum surface temperature
(TSM), respectively. The inset is a magnification of the small IL region. (b) Des-
orption yield of Xe atoms (Y1) following the laser irradiations with 6.4 eV photons
as a function of IL. Calculated results of Y1 are shown by the solid curve. The
inset is a magnification of the small IL region.
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Figure 3.3: Time evolution of surface temperature TS, surface coverage Θ, and
desorption rate following the laser irradiation at (a) 40 mJ/pulse cm2 and (b) 65
mJ/pulse cm2, respectively.
its maximum [19]. The solid line in Fig. 3.2 (b) shows a calculated result of
the Y1 by LITD as a function of IL. The calculated Y1 sharply increases at 35
mJ/pulse m2 and saturates above 55 mJ/pulse cm2. This is in good agreement
with the experimental data that the desorption yield exhibits a steep increase
at 32 mJ/pulse cm2. This thresholdlike behavior is typical of LITD. However,
the experimental data in Fig. 3.2 (b) monotonously increases in contrast to the
saturating behavior of the calculated curve, which may be caused by either spatial
inhomogeneity of the desorption laser intensity [87] or coverage dependence of the
activation energy for desorption due to the attractive interactions between the
adsorbates [19].
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We turn next to the region of IL < 24 mJ/pulse cm
2, where desorption of Xe is
observed only at 6.4 eV. As can be seen in Fig. 3.2 (a), TD1 significantly deviates
from the calculated result of TSM in this region of IL. The inset in Fig. 3.2 (a)
shows a magnification of TD1 with IL < 10 mJ/pulse cm
2. In this region, TD1
is independent of IL and constant at 300±20 K which is much higher than TSM
(<100 K). Since in the region of IL < 24 mJ/pulse cm
2 the calculated result of
LITD fails to account for the experimental data, other desorption mechanisms
should be operative. Especially with IL < 10 mJ/pulse cm
2, the LITD yield of Xe
is negligible because TSM is too low for the thermal activation of Xe desorption.
Therefore, only non-thermal PSD of Xe atoms from Au(001) is operative in this
region of IL. As shown in the inset of Y1 as a function of IL in Fig. 3.2 (b),
Y1 with 6.4 eV photons linearly increases with increasing IL, indicating that the
observed nonthermal PSD is a one-photon process. The nonthermal PSD cross
section σPSD was deduced to be 10
−21−10−22 cm2 by comparing the nonthermal
PSD yield with the LITD yield of the Xe monolayer.
3.1.2 Coverage dependence
We obtained a series of TOF spectra of desorbed Xe from Au surfaces following
pulsed laser irradiation as shown in Fig. 3.4. The TOF spectrum of Xe from
the Au surface at Θ = 0.3 ML is shown at the bottom of Fig. 3.4. The vertical
dashed line at 0.42 ms shows the peak position of the spectrum. The spectrum
was well analyzed with a Maxwell-Boltzmann velocity distribution in a flux from
a thermal source described as, [88]
J(v)dv = Av3 exp
(
− mv
2
2kTD
)
dv, (3.2)
where m, k and v are the mass of a Xe atom, the Boltzmann constant and the
velocity of Xe atoms, respectively, and A and TD are fitting parameters. In the
analysis, we convert Eq. (3.2) to a TOF function for the density sensitive detector,
which results in the form f(t)dt = at−4 exp(−bt−2)dt. By fitting Eq. (3.2) to the
TOF of Xe at Θ = 0.3 ML, we obtained TD of 255 K as illustrated by the dashed
curve at the bottom of Fig. 3.4.
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Figure 3.4: Time-of-flight (TOF) spectra of Xe from Au surfaces following pulsed
laser irradiations. The Xe coverage Θ are 10, 6.7, 1.7 and 0.3 ML from top to
bottom, respectively. The dashed curves and the solid curves are the Maxwell-
Boltzmann (M-B) velocity distribution and the shifted M-B velocity distribution
fitted to the experimental results, respectively. The vertical dashed line and the
arrows indicate the peak position of each spectrum.
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Figure 3.5: The stream velocity u of the desorbed Xe atoms from Au surfaces fol-
lowing the pulsed laser irradiations as a function of the Xe coverage Θ. The data
are obtained by analyzing the time-of-flight spectrum with the shifted Maxwell-
Boltzmann velocity distribution. The solid line is a guide for eyes. u become
constant at above 4 ML which is denoted by the arrow.
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At the top and middle of Fig. 3.4, the TOF spectra of desorbed Xe at Θ = 10
to 1.7 ML are shown. We note that the peak positions of those TOF spectra,
which are indicated by the arrows, are shifted towards smaller values with increas-
ing Θ compared with that of Θ = 0.3 ML. It was found that the peak positions
of the TOF spectra become constant at about 0.34 ms at Θ ≥ 5.0 ML.
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3.2 Nuclear resonant scattering by 83Kr/TiO2(110)
In this section, the results of experiments conducted at SPring-8 BL09XU are
presented. The results include x-ray reflectivity curves which roughly informs us
the thickness of the Kr film prepared on the TiO2(110) cooled at 20 K. With
this result, it is confirmed in situ that Kr is present on the TiO2 surface with a
thickness of a few to a few hundreds of nano meters by varying the exposure time.
Then, with a Kr film of about 200 nm, the resonant absorption of x ray by 83Kr
is explored and found. Here, the energy width of the incident radiation on the
sample is clarified. Then, the coverage dependence of the resonance intensity was
measured. With this result, it become possible for us to estimate the thickness
of the Kr film in situ at the monolayer resolution. I then prepared a monolayer
physisorbed layer of 83Kr and 5 ML film. Time spectra of NRS of each sample was
measured. The spectra are then analyzed with the single exponential function and
with the periodic function. The possibility that the observed oscillation results
from the hyperfine structure is inspected.
3.2.1 X-ray reflectivity curves
In order to confirm that Kr is adsorbed on TiO2(110), a series of x ray reflectivity
curves are measured with the θ and 2θ configuration. The results of x ray reflec-
tivity curves as a function of initial Kr exposure was displayed in Fig. 3.6. In this
experiment, natural Kr gas was used because the resonance is not involved. As
can be seen from the bottom curve of Fig. 3.6, on the clean surface of TiO2(110)
which was annealed at 250 K, the reflectivity drops at about 0.26◦. This is consis-
tent with a calculated value of 0.25◦ based on the electron density in rutile TiO2.
With increasing exposure of Kr gas from 20 L to 2000 L, the x ray reflectivity
curve changes its shape as seen in the curves of Fig. 3.6 from bottom to the top.
As represented by the third and forth curve from the bottom, formation of the
thin film of Kr is confirmed by the interference pattern. The thickness of Kr film
is tentatively estimated using a Bragg reflection model and the oscillation periods
that are experimentally obtained. The estimated thickness is shown in Fig. 3.6.
This result fairly well coincides with the exposure Kr assuming the condensation
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probability to be unity. Furthermore, with the exposure of 2000 L, the oscillation
disappears indicating that the thickness of Kr film is so large that the reflection
of x ray is completed on Kr film with a negligible reflection from the substrate.
This assumption is validated by the fact that the critical angle at the top curve
is around 0.21◦, which is in very good agreement with the calculated result based
on the electron density in solid Kr. With these results, it is confirmed that it is
possible to prepare a thick Kr film on the TiO2(110) surface. This is mandatory
for looking for the resonance position of 83Kr in the following experiment.
3.2.2 Resonant spectrum
The resonance of 83Kr nuclear levels has not been achieved in SPring-8 BL09XU.
It had been achieved in KEK, Japan with a monochromator developed in KEK,
which was used in the present study with a courtesy of Dr. X. W. Zhang [89].
The energy width of the monochromator was reported to be 25 meV [89]. First
a very thick Kr thin film was prepared on the TiO2 surface so as to increase
the count rate. By varying the incident energy, a resonance of 83Kr was found
as shown in Fig. 3.7. The width of the energy spectrum is determined by a
convolution of the natural width of the spectrum and the energy resolution of the
monochromator. In the present case the natural width of the spectrum is about
3 neV and the energy resolution of the monochromator is about 25 meV, which
is much larger compared to the natural width. Therefore, the observed spectrum
naturally shows the energy resolution of the monochromator. As reported in the
previous study, the energy resolution is about 25 - 30 meV in full width half
maximum. The slight difference of the spectrum shape arise from the different
characteristics of the synchrotron radiation. This is the first observation of the
resonance of 83Kr nucleus in the glancing angle regime so far. This is also the
first observation of the resonance of 83Kr nucleus in SPring-8.
As we have succeeded in observing the resonance of 83Kr nucleus, we further
reduced the thickness of the prepared Kr layers and measured the delay intensity
as a function of the Kr exposure. In this experiment, isotope enriched 83Kr gas
is used for the better count rate and the simplicity of the analysis. The result is
shown in Fig. 3.8. The experimental data are well fitted with two solid lines of
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Figure 3.6: X ray reflectivity curves as a function of the thickness of the Kr
physisorbed layer. Two vertical dashed line indicate the position of the critical
angle of the clean TiO2(110) surface and thick Kr film with exposure of 2000 L.
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Figure 3.7: Energy spectrum of nuclear resonant scattering of 83Kr at the nuclear
transition of I = 9/2 to 7/2. The excitation energy is 9.4 keV. The width of the
spectrum is about 30 meV in full width half maximum.
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which the slopes are different.
The result is understood in the following way. It has been accepted that
the sticking probability of physisorbed species on to the bare surfaces is less
than unity, whereas the condensation probability of physisorbed species on to
the physisorbed layers (i.e. the formation of second and higher layers) is close to
unity. Considering this point, the slope at the Kr exposure above 10 L results
from the full condensation of 83Kr atoms. In the case of Kr gas, given that
the condensation probability is unity, the exposure of 2.5 L corresponds to the
formation of monolayer on TiO2(110) which is commensurate to the substrate.
Thus, the following relation should hold in the multi-layer region of Kr, that
is (Count rate) = a × (Kr exposure)/2.5. By analyzing the experimental data
with the relation, we obtained a value of a to be 0.28 cps/ML. This result is
well coincide with the fact that the region where the slope is small is about 0.28
cps from 0, indicating that in this region the initial sticking probability is small
compared to unity. The slope in the region of Kr exposure from 0 to 7 L is 3 time
smaller than that in the region above 7 L. This indicates that the initial sticking
probability is 0.3.
The present result shows that with Kr exposure of 0 to 7 L, the sub-mono to
monolayer Kr is formed. With Kr exposure greater than 7 L, multi-layer growth
of Kr layer is achieve. In the way, it was become possible to prepare a monolayer
Kr and multi-layer Kr on TiO2(110) surfaces. The thickness can be monitored in
situ with NRS intensity.
3.2.3 Time spectra
In order to investigate the hyperfine structure of Kr at the surface, we prepared
the Kr monolayer and 5 ML on TiO2(110) surfaces and measured the time spectra
of NRS. The results are shown in Fig. 3.9. In Fig. 3.9 (a) and (b), the time spectra
of NRS from 83Kr at 5 ML and 1 ML are shown, respectively. The spectra show
single exponential decay. Both spectra are well fitted with a single exponential
function as
I(t) = A exp
(
− t
τ
)
, (3.3)
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Figure 3.8: NRS delay intensity as a function of the Kr exposure on a TiO2
surface. The experimental data are plotted by dots and error bars. The data are
fitted with two lines.
where A and τ are a pre-factor and a time constant. By fitting Eq. (3.3) to the
experimental date shown in Fig. 3.9 (a) and (b), we obtained the values of τ to
be 96 ns for 5 ML and 109 ns for 1 ML Kr layer. The natural lifetime of the first
excited state of 83Kr is 212 ns [72].
Compared to the natural lifetime of 83Kr, both experimentally observed values
are small. This is assumed to be due to the effect called speed-up, which is caused
by the multiple scattering in the lattice. The effect is also referred to as dynamical
effect. The dynamical effect is determined by the effective thickness of the sample
which is a product of the Lamb-Mo¨ssbauer factor fLM and the column density
of the sample nuclei [90]. In case of the transmission geometry, the dynamical
beat is analytically described with a Bessel function including fLM. Unlike the
case of transmission geometry, the dynamical effect is not simple in case of the
reflection geometry. Qualitatively, the larger the effective thickness of the sample
is, the larger the speed up is. The present result is consistent with this trend.
The thiner sample of 1 ML Kr shows a less speed up compared to the speed up
of the thicker sample of 5 ML Kr.
Although the analysis of the time spectrum of NRS by 1 ML 83Kr on TiO2(110)
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Figure 3.9: Time spectrum of nuclear resonant scattering from Kr physisorbed
layer on a TiO2 surface. The coverage of Kr layer is (a) 5 ML and (b) 1 ML,
respectively.
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using Eq. (3.3) is not bad, a systematic deviation of the experimental data from
the analytical line can be noticed in Fig. 3.9 (b) as compared to the agreement
between the analytical line and the experimental results in Fig. 3.9 (a). This
minor signal seen in Fig. 3.9 (b) might be due to the quantum beat due to the
hyperfine structure of 83Kr nuclei in the vicinity of the surface. The possibility
of the observation of quantum beat structure is discussed in the next section.
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Chapter 4
Discussion
In this chapter, the experimental results presented in the previous chapter are
discussed. In the first section, the desorption dynamics of Xe from the Au(001)
surface is discussed, which involves the fluence dependence and the coverage de-
pendence of the time-of-flight spectra. In the next section, the results of NRS
of 83Kr at the surface is discussed. The discussion concentrates on the effects of
EFG on the 83Kr and whether it appears as a quantum beat in the time spectrum.
4.1 Non-thermal desorption of Xe
In this section, the desorption dynamics of Xe from the Au(001) surface is dis-
cussed. In the first subsection, the explanation for the desorption path which
showed a wavelength dependence is discussed. It is proposed that the transient
Xe− formation is involved in the laser desorption of Xe at 6.4 eV photons. In the
following subsection, the desorption dynamics is classically calculated and com-
pared with the experimental results. It was found that the calculated results and
the experimental results show a very good agreement with each other, indicating
the proposed model is valid.
4.1.1 Excitation paths
We first discuss the initial excitation of the non-thermal PSD of Xe from Au(001)
upon irradiation of 6.4 eV photons. The following discussion is schematically
65
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Figure 4.1: A schematic drawing of electronic levels of Xe on Au(001) surfaces and
photo-excitation of Xe. The ionization energy and excitation energy of free Xe
is denoted as 12.1 and 8.3 eV, respectively. The ionization energy and excitation
energy of Xe on Au(001) is reduced due to adsorption on to metal surface.
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Figure 4.2: A schematic drawing of electronic levels of Xe on Au(001) surfaces
and photo-excitation of substrate electrons. The electron affinity of gaseous Xe
atoms is negative and unbound. The electron affinity level may be stabilized due
to the metal proximity effect.
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shown in Fig. 4.1. As the initial excitation, we argue that the negative ion state
of Xe is formed via the photoexcitation of the substrate electron [25]. Other ex-
citation pathways can be excluded for the following reasons. The first-excitation
energy of Xe from the ground state (5s25p6) to the metastable state (5s25p56s)
is 8.3 eV [23]. When Xe is condensed into a two-dimensional layer on a sur-
face, the excitation energy might be modified, as denoted by the surface exciton.
The value is, however, reported to be little modified in the monolayer adsorption
regime [3], suggesting that such excitation is unlikely to occur at 6.4 eV. The first
ionization energy is 12.1 eV [91, 92], which is also unreachable with 6.4 eV pho-
tons even though it is reduced due to the image charge effect by ∼2.9 eV [3]. Xe
desorption from Ag nanoparticles (AgNP) or Si(001), on the other hand, is also
reported to occur via surface-plasmon excitation of AgNP at 2.3−4.0 eV photons
[93] and localized surface phonon excitation of Si(001) at 1.1−6.4 eV photons
[94]. Desorption via direct excitation from the bound state to a continuum state
took place at a photon energy of lower than 1 eV [24, 95]. All these desorption
mechanisms can be ruled out because the nonthermal PSD of Xe was observed
only at 6.4 eV and not at 2.3 eV photoirradiation.
The work function of the Au(001) surface is 5.0 eV, which is reduced by ∼0.5
eV with Xe adsorption. Therefore, the electronic states nearby the vacuum level
are accessible with the hot electrons from the substrate band created by 6.4 eV
photoexcitation, and not by 2.3 eV as schematically shown in Fig. 4.2. Although
the electron affinity of Xe atoms in the gas phase is known to be negative [27], the
following studies suggest stabilization of the affinity level due to Xe condensation.
Bulk Xe has a conduction band minimum (CBM) at 0.5 eV below the vacuum
level [32, 96]. Haberland et al. found that the ground-state XeN clusters are
able to bind an electron stably with N > 6 [31], of which the electron affinity
is calculated to be a few meV [97, 98]. These studies suggest that interaction
with neighboring atoms lowers the electron affinity level of Xe due to the mixing
between the unoccupied orbitals. Furthermore, the image charge effect on metal
surfaces shifts the electron affinity level downward by ∼1.0 eV.
68 CHAPTER 4. DISCUSSION
600
400
200
0
-200
-400
Po
te
nt
ial
 E
ne
rg
y (
m
eV
)
4.03.53.02.5
z (Angstrom)
VMP: Xe/Au(001)
VIP: Xe-/Au (001)
|sXe |
2
Figure 4.3: Adiabatic potential of Xe and Xe− on Au(001) and a schematics of
Antoniewicz model of neutral desorption used for the model calculations.
4.1.2 Transient Xe− formation
Assuming that the excitation intermediate is the negative ion state, a plausible
desorption mechanism is the Antoniewicz model [26]. In the model, for the ap-
preciable desorption to occur, the lifetime of the Xe− state is required to be long
enough. We tentatively estimated the lifetime (τ) of Xe− on Au(001) that repro-
duces the experimentally observed values of TD1 and σPSD. σPSD is a product of
the photoionization cross section σPI and desorption probability PD. We assume,
as a first approximation, that the σPI is as large as ∼10−16 cm2 [92]. TOF of
desorbing Xe and PD are calculated on the basis of the Antoniewicz model and
classical kinetics, as is depicted in Fig. 4.3. Initially, Xe atoms are trapped at the
bottom of the physisorption well described by a Morse potential of the form
VMP(z) = D[1− exp{−α(z − z0)}]2, (4.1)
where D, α and z0 represent the depth (240 meV) [86], the width (14 nm
−1) and
the position (3.0 A˚) [6], respectively. The distribution of the initial position of
Xe is accounted for as described in Ref. [92]. Upon Xe− formation, the adiabatic
potential of the Xe atom evolves into the form
VIon(z) = VMP(z) + VIP(z) + ∆E, (4.2)
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Figure 4.4: (a) Calculated results of time-of-flight (TOF) of desorbing Xe for
several Xe− lifetimes. (b) Translational temperature (TDC) of the calculated TOF
obtained by analyzing with a Maxwell-Boltzmann distribution as a function of
Xe− lifetime. (c) Calculated result of the non-thermal PSD cross section as a
function of Xe− lifetime.
where
VIP(z) = − e
2
16pi0z
(4.3)
is the image charge potential and ∆E is an excitation energy. Due to the image
charge attraction, the Xe atom is first attracted toward the surface, and is neu-
tralized at a certain distance from the surface. The nuclear motion on VIon(z) is
treated classically. If the Xe atom gains enough energy, it escapes the physisorp-
tion well leading to desorption. We assume that the neutralization rate of Xe− is
described by R(t) = exp(−t/τ)/τ independent of z.
Figure 4.4 (a) shows the TOF results of Xe calculated for lifetimes of 5−15 fs.
Each TOF is well expressed by a single MB velocity distribution with a transla-
tional temperature TDC. Figure 4.4 (b) shows the obtained TDC of the calculated
TOF as a function of τ , where τ = ∼13 fs reproduces the experimentally ob-
served TD1 of 300± 20 K. Figure 4.4 (c) shows the calculated result of σPSD as a
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function of τ , where τ = 17 ± 5 fs reproduces the experimentally observed σPSD
of 10−21−10−22 cm2. It is worth emphasizing that the two experimental data of
TD1 and σPSD are well reproduced by a common τ value of ∼15 fs based on the
Antoniewicz model. The fact is indicative of the validity of the present model.
Walkup et al. have shown that the classical adiabatic potential concerning the
image charge potential is essentially correct, although it is slightly different from
the one obtained by a quantum-mechanical treatment. They have furthermore
shown that the classical treatment of nuclear motion is valid as long as distribu-
tion of the initial Xe position is accounted for and that it qualitatively reproduces
the kinetic-energy distribution [99]. It is noted that the affinity level of Xe should
lie below the vacuum level for the τ to be as long as 15 fs.
The obtained value of τ ∼15 fs corresponds to the linewidth of 70−120 meV for
the Xe− state. Padowitz et al. found that in using the two-photon photoemission
spectroscopy, the image charge state on clean Ag(111) is shifted by Xe adsorption
due to the coupling with the Xe orbitals [100, 101]. The linewidth obtained in
the present study is similar to the value of 25−50 meV observed for the image
charge states (n = 1, 2, 3) on Xe/Ag(111) at 0.6−0.1 eV below the vacuum level.
Hence, we suggest the image charge state of Xe/Au(001) is resonanced with the
affinity level of Xe, which causes the PSD. We note that a smaller estimation of
σPI ∼10−18 cm2 in the model calculation results in a linewidth of ∼35 meV.
As already mentioned above, two possible mechanisms of Xe− stabilization
are hybridization of unoccupied orbitals and the image charge effect. Since un-
occupied orbitals have an extended feature compared with occupied orbitals, un-
occupied states could be appreciably hybridized with substrate states even in a
weakly bound physisorption well. In addition to these two factors, we discuss an-
other possible reason for the Xe− formation on a metal surface. In the gas phase,
contrary to the ground state Xe (5s25p6), metastable Xe∗ (5s25p56s) binds an
electron to form a transient Xe− (5s25p56s2) with a large cross section (∼10−16
cm2) [102]. In the gas phase, the 5s25p56s state is located at 8.3 eV above the
ground state. A recent density functional study [6] has shown that the Xe ad-
sorption on a metal surface results in a partial depletion of the occupied Xe 5pz
state and a partial occupation of the previously unoccupied Xe 6s and 5d states.
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This indicates mixing of the 5s25p56s state upon adsorption on a metal surface,
which may contribute to the stabilization of the Xe− state.
Lastly, we comment on the result of an earlier study on the nonthermal PSD
of Xe from Ru(001) surfaces [23]. In the study, no significant desorption was
observed from Xe mono and multilayers following 7−30 eV photoirradiations,
whereas desorption from Ar mono- and multilayers and Kr multilayers were ob-
served. As discussed in the present paper, Xe− is expected to be formed following
the photoirradiations of hν > 6 eV, and subsequently Xe desorption is expected
to occur. Although the desorption cross section is not mentioned in Ref. [23], we
suspect σPSD of ∼10−22 cm2 was too small for the signal to be detected in their
experimental condition. Arakawa et al. reported that the absolute yield of the
PSD from solid Ar following 12−50 eV photons is as large as ∼0.1 atoms/photon
[103], indicating that the cross section of the Xe PSD via the Xe− formation
observed in the present study is several orders of magnitude smaller than those
of Ar via exciton excitation.
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4.2 Post-desorption collision effects
In the following subsections, the desorption dynamics involving the post-desorption
collision effects is discussed. It is concluded that the experimental observation is
due to the post-desorption collision effects. Furthermore, the experimental ob-
servation is compared with the prediction based on the Knudsen layer formation
theory. The consistency between the experimental observation and the theoretical
prediction strongly indicates the formation of Knudsen layer in the laser induced
thermal desorption.
4.2.1 Thermal desorption of Xe
We first discuss that the observed desorption proceeds only via thermal activa-
tion. In the previous study,[104] we investigated the same system by varying the
photon fluence at Θ = 1 ML. At the small fluence region where the laser power
is below 20 mJ/cm2, we observed a desorption of Xe only at a photon energy of
6.4 eV and no desorption at 2.3 eV. We assigned this photodesorption as a non-
thermal desorption via a transient Xe− formation. At a large fluence region where
laser power exceeds 60 mJ/cm2 we observed, on the other hand, that thermal des-
orption is the dominant desorption process regardless of the photon energy. These
observations are confirmed by comparing the experimentally observed TD and Xe
desorption yield with the results of LITD simulations. Therefore, we regard that
the initial desorption is only thermally activated in the present experiment.
4.2.2 Analysis of TOF spectra
In order to analyze the TOF spectra at Θ > 0.3 ML, we introduce a shifted
Maxwell-Boltzmann velocity distribution which is characterized by u. Generally,
the velocity distribution in a desorption flux shows an angular distribution and
is expressed by the elliptical distribution which involves an angular dependent
translational temperature as described in Ref. [105]. In the present experiment,
the detector was fixed in the surface normal direction. Therefore, the translational
temperature only in this direction is detected in the present experiment. In this
case, the shifted Maxwell-Boltzmann velocity distribution in a flux from a thermal
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source is expressed as,[54, 62]
J(v)dv = Av3 exp
{
−m(v − u)
2
2kTD
}
dv. (4.4)
Under the condition of u = 0, Eq. (4.4) is identical to Eq. (3.2). In the analysis,
Eq. (4.4) was also converted to a TOF function for the density sensitive detector.
The TOF spectra at Θ > 0.3 ML were well analyzed using Eq. (4.4). However,
we found it difficult to obtain a unique set of TD and u. The spectra were well
reproduced with an arbitrary value of TD from 165 to 310 K by adjusting u from
125 to 0 m/s. We note that, with a fixed value of TD between 165 and 310 K, the
obtained value of u monotonically increases with increasing Θ from 0.3 to 4 ML
and becomes constant at Θ > 4 ML. For example, Fig. 3.5 shows u as a function
of Θ obtained by using Eq. (4.4) with TD fixed at 165 K, of which the fitting
curves are shown as solid curves in Fig. 3.1.
4.2.3 Moderate desorption at Θ ' 0 ML
At Θ ' 0, the observed feature of the TOF can be rationalized with a model
employing thermal desorption followed by collision-free flow. At the instance
of thermal desorption, the desorbed Xe gas is in thermal equilibrium with the
surface at the temperature TS. Here, it is reasonable to consider the half-range
Maxwell-Boltzmann velocity distribution for desorbed Xe expressed as [54]
f(v)dv = A exp
(
−mv
2
2kTS
)
dv,
vz > 0 (4.5)
where A and v are a normalization factor and the velocity vector of Xe atoms
in the Cartesian coordinate, respectively. We note that in Eq. (4.5) the velocity
component in the z direction has a distribution only at vz > 0,[54] assuming the
z axis to be the surface normal direction. Given the desorption period is much
shorter than the flight time and the irradiation diameter is much smaller than
the flight distance, Eq. (4.5) can be, as a velocity distribution in a flux from a
thermal source, transformed to the same form as Eq. (3.2). Thus, we notice that
TD = TS at Θ ' 0.[19, 47]
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For a qualitative analysis, we estimated the surface temperature during the
present LITD experiment using the first order desorption rate equation, assuming
that the desorption activation energy is 240 meV[86] and that the desorption
period is 4 ns.[19, 106] The calculated results show that the required surface
temperature is 260 K, which is in good agreement with the obtained value of
TS = 255 K at Θ = 0.3 ML. The agreement indicates that the model of the
thermal desorption followed by the collision-free flow well describes the observed
TOF at Θ ' 0, in good accordance with the results by Cowin [47] and Wedler
[19].
4.2.4 Intensive desorption at Θ > 4 ML
At Θ > 4 ML, we discuss that the desorption flow is described as an intense
flow, where the post-desorption collision modifies the velocity distribution.[49, 48]
Several theoretical studies have speculated that the so-called Knudsen layer is
formed in the vicinity of the surface as a result of collisions.[54, 55, 107, 62] As
schematically drawn in Fig. 1.4, in the Knudsen layer model, the initial velocity
distribution is in thermal equilibrium with the surface at TS except that there is
no distribution at vz < 0 as in Eq. (4.5). As a result of a significant number of
post-desorption collisions, the half-range velocity distribution at z = 0 becomes
thermally equilibrated at some distance from the surface to a full-range Maxwell-
Boltzmann velocity distribution with a stream velocity u.[51, 52, 54] The model
also requires that, at the end of the Knudsen layer, the temperature of the flow
becomes identical (TK) in all degrees of freedom. Hence, at the end of the Knudsen
layer, the velocity distribution may be described as [51, 52, 54]
f(v)dv = A exp
[
−m{v
2
x + v
2
y + (vz − uK)2}
2kTK
]
dv, (4.6)
where vi, uK and TK are the velocity component in the Cartesian coordinate,
stream velocity and the temperature at the end of the Knudsen layer, respec-
tively. Under the condition that the flight distance is sufficiently longer than the
thickness of the Knudsen layer besides the conditions described above, Eq. (4.6)
is converted, as a velocity distribution from a thermal source, to the identical
form to Eq. (4.4). Thus, we see that TD = TK and u = uK at Θ > 4 ML.
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Table 4.1: Mach number M and Translational temperature TD at the end of
Knudsen layer obtained in the present study and previously reported values by
simulation and theory.
Method M Condition
Experiment (Present study) 0.96 Pulsed flow
Simulation [62] 1.0 Pulsed flow
Simulation [108] 1.0 Steady flow
Theory [51, 52, 54] 0.99 Steady flow
Equation (4.4) was shown to well describe the experimental results of the TOFs
at Θ > 4 ML. This fact, along with the convergence feature of u, indicates that
the experimental result at Θ > 4 ML may be rationalized with the Knudsen layer
formation model.
4.2.5 Mach number of the flow
We further examine the results at Θ > 4 ML by quantitatively comparing the
obtained results of uK with previous theoretical reports on Knudsen layer forma-
tion in the steady strong evaporation [51, 52] and the pulsed desorption [62] from
plane surfaces. We compare uK in terms of the Mach number M at the end of
the Knudsen layer. M is defined as
M =
uK
c
= uK
√
m
γkTK
, (4.7)
where c and γ are the local velocity of sound and the heat capacity ratio of the
gas, respectively, the latter of which is 5/3 for monoatomic gas as in the present
case.
Ytrehus [51] and Cercignani [52] formulated M and TK/TS by finding a so-
lution to the Boltzmann equation under the Knudsen layer formation model as-
suming the conservation of the particle number, momentum and the energy flux
between the surface and the end of the Knudsen layer. Sibold and Urbassek
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estimated M and TK/TS using the Monte Carlo simulation of the Boltzmann
equation in one-dimension for both pulsed flow [62] and steady flow [108] condi-
tions. Those reports have stated that at the end of the Knudsen layer, M should
always be close to unity and that TK/TS is at around 0.65.
As discussed in IV. B, it was difficult to unambiguously determine the value
of TD. Here, we assume the relation of TK/TS = 0.65 following the theoretical
studies and evaluate the Mach number. With the value of TS = 255 K, we obtain
the value of TK to be 165 K. With TK = 165 K and Eq. (4.7), we obtain the
value of M to be 0.96. As can be seen in Table I, the previously reported values
of M show a quantitative agreement with the obtained value of M in the present
study. This indicates that the observed trend of u at Θ > 4 ML is consistent
with the Knudsen layer formation theory.[54]
With adiabatic expansion, M should well exceed unity.[109, 107, 110] We
note that we observed the saturation of M at around unity at Θ > 4 ML in the
present experimental conditions. This indicates that the adiabatic expansion is
practically absent, although the slight increase of u at Θ > 4 ML may be due to
the adiabatic expansion.
4.2.6 Knudsen number of the flow
In order to generalize the present result, we tentatively consider mean gas density
n¯, mean free path λ and Knudsen number Kn in the vicinity of the surface at the
moment of desorption as a function of Θ. Kn is defined by [62]
Kn =
λ
lz
=
1√
2n¯σlz
, (4.8)
where lz and σ are the representative length of the system and the Van der Waals
collision cross section of Xe (1.0× 10−19 m2), respectively.
Here, we simply regard that lz is the mean thickness of the gas cloud above
the surface. It, then, reads that lz = v¯zτ , where v¯z is the mean thermal velocity
of desorbed Xe in the z direction and τ is the mean desorption period. We
further take v¯z =
√
2kTS/pim and estimate that n¯ = Θ/lz. By substituting n¯
in Eq. (4.8), we obtain a simple relation Kn = a/(
√
2Θ˜) as introduced in Ref.
[62]. Θ˜ and a are the relative coverage Θ˜ = Θ/ΘS with the monolayer saturation
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Table 4.2: Density n¯, mean free path λ and Knudsen number Kn in the vicinity
of the surface at the moment of laser desorption as a function of Θ.
Θ (ML) n¯ (1024 atoms/m3) λ (nm) Kn
0.3 3.3 2114 5.2
4.0 45 159 0.39
10 111 63 0.16
coverage ΘS and the ratio of the area occupied by an atom at ΘS to σ described
as a = 1/(σΘS), respectively.
Now, we see that Kn depends simply on Θ˜ and a. Therefore, we can discuss
the required condition for the formation of Knudsen layer in LITD for general
systems in terms of Kn. We fixed τ = 4 ns. On the basis of the result employing
the LITD simulation, τ showed little dependence on Θ in the region concerned
in the present study.
In Table 4.2, we summarized the obtained n¯, λ and Kn as a function of Θ. Kn
can also be understood as an inverse of mean collision times per each atoms. In
the present study, we observed the formation of the Knudsen layer at Θ > 4 ML,
which corresponds to Kn < 0.39 and to more than ∼ 2.6 collisions per desorbing
atom. The manifestation of collision effects is observed at Θ > 0.3 ML, which
corresponds to Kn > 5.2. The results coincide with the previous theoretical work
by Sibold and Urbassek [62] that the Knudsen layer is formed at Θ = 2.5 ML and
that the collision effect already appears while the Knudsen layer is not formed
at Θ = 0.25 ML, respectively. The obtained values of Kn also agree well with
the previous experimental observation of the collision effect in LITD of D2/W at
Θ = 1 ML reported by Cowin et al. [47]. They also coincide with the theoretically
estimated collision number of 2.9 per atom at Θ = 1 ML reported by Noorbatcha
et al..[48, 49]
Lastly, we note the observed feature at Θ ' 1 ML, where the Knudsen layer
is not formed. Thus, the velocity distributions are not necessarily well fitted with
Eq. (4.4). Nevertheless, they were very well analyzed with Eq. (4.4) in all Θ at
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Θ ' 1 ML. The result is in good agreement with the simulated results by Sibold
and Urbassek,[62] although any analytical formulation for the flow at Θ ' 1
ML has not been presented so far. Hence, further theoretical and experimental
works are required for elucidating the mechanism for the modification of velocity
distribution at Θ ' 1 ML due to the post-desorption collision as pointed out in
Ref. [62].
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4.3 Quadrupole splitting of 83Kr on TiO2(110)
In this section, the observation of hyperfine structure of 83Kr at the surface of the
rutile TiO2(110) shown in Fig. 3.9 (b) is discussed. The spectrum is well fitted
to a single exponential decay with a time constant τ = 109 ns. Nontheless, we
also notice that a systematic deviation of the experimental data from the fitting
line in Fig. 3.9 (b). Hence, we tentatively discuss the possibility of observation
of hyperfine structure by comparing the experimental results and the simulated
results. We discuss all the possibility that can be thought of at this moment. The
discussion concentrates on the following topics (1) the simulation of the quantum
beat structure, (2) the comparison between the experimental and simulation re-
sults, (3) Several stories that can potentially explain the present result in terms
of the symmetry of the electric field gradient at the surface and the variation of
the adsorption sites on the sample surface.
The experimental observation of Fig. 3.9 (a) and (b) is a great step forward
as an experimental technique. Previously, Baron and coworkers observed the
time spectra of NRS by gaseous Kr, which do not involve the Mo¨ssbauer effect
[111]. Johnson and coworkers succeeded in observing the time spectra of bulk
and monolayer Kr condensed on the exfoliated graphite which possess a large
surface area [112]. Both experiments are carried out in the transmission regime
with a large volume of the sample nuclei. The present study is an experimental
step forward in the sense that they are carried out in a reflection regime and that
the sample is well-defined multi- and monolayer films on an atomically flat single
crystal surface. Application of NRS on a well-defined sample is plausible, for a
simple hyperfine structure may be observed.
4.3.1 Quantum beat
The quantum beat structure may well be observed based on the following reasons.
The EFG at the surface may well be large enough, for at the surface the trans-
lational symmetry of the lattice is broken. Although the surface orientation of
the sample used in the present study is (110) which is not axially symmetry with
respect to the surface normal vector, the position of Kr atom adsorbed on the
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surface is assumed to be at ∼ 3 A˚ away from the surface atoms as estimated in
recent studies based on first principle calculations [113, 114]. Actually it has been
reported that the potential corrugation in the surface parallel direction is as small
as 1/10 to 1/100 on metal and semiconductor surfaces [115, 116, 117, 118, 119].
Therefore, as compared to VZZ , both VXX and VY Y should be small and close
to each other. We discuss that it is a good approximation to take η = 0. In
the end, in the present experimental setup, the direction of magnetic vector of
the synchrotron radiation is parallel to the surface normal direction. Hence, only
∆m = 0 transitions are expected to be allowed in the present experimental setup.
Using Eq. (2.21), we simulate the Mo¨ssbauer absorption spectrum as shown
in Fig. 4.5. Only four lines of eleven lines are present because only ∆m = 0
transitions are allowed as indicated by Fig. 2.13. The selection rule applies only
when the VZZ is a principal axis of the electric field gradient on the surface and
the axial symmetry is satisfied (i.e. VXX = VY Y ). If not, the eleven transitions
should appear. For the simplicity of the discussion, we first think of the four
transitions. The schematic picture of the transitions are shown in Fig. 2.11 and
Fig. 2.13. The relative positions are based on the calculated results using Eq.
(2.21) and the assumption that the ratio of quadrupole moment of the ground
and the excited state R = Q(7/2)/Q(9/2) to be 2 as reported by previous studies
[80, 120]. The relative intensity of each line is the square of the proper Clebsch-
Gordan coefficient which is taken from [72]. The ratio of the width of the resonant
line and the energy splitting is determined arbitrary.
In order to compare the experimental result with the theoretical predictions,
we further simulated Mo¨ssbauer absorption spectra and the time spectra of NRS
as a function of the electric field gradient in the surface normal direction VZZ
using Eq. (2.21). The natural line width of the 83Kr is reported to be 3.3 neV
[72] which corresponds to the natural life time of 212 ns. We experimentally
obtained the value of τ = 109 ns for the monolayer Kr. In the calculation, we
assume that the line width is broadened to be 6.6 neV due to the effect of the
multiple scattering. The energy shift ∆E due to the quadrupole splitting can be
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Figure 4.5: The simulated Mo¨ssbauer absorption spectrum of 83Kr with excitation
from I = 9/2 to I = 7/2 only with ∆m = 0 transitions. The four peaks are
present. The relative position of the respective peaks are obtained from Eq.
(2.21). The relative intensity of the respective peaks are square of the appropriate
Clebsch-Gordan coefficient [81]. The ratio of the quadrupole splitting and the
width of each line is displayed arbitrary.
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estimated using Eq. (2.21) as
∆E = E(I∗,m∗)− E(I,m)
=
e2qQ(I∗)
4I∗(2I∗ − 1)
{
3m∗2 − I∗(I∗ + 1)}− e2qQ(I)
4I(2I − 1)
{
3m2 − I(I + 1)} ,
(4.9)
where I, I∗, m, m∗ are nuclear spin and magnetic quantum numbers, which were
taken to be I = 9/2, I∗ = 7/2 and where eq and Q(I) are electric field gradient
and quadrupole moment. We take eq to be identical to VZZ in the following
discussion. The dimension of eq is V/m2. Q(I) is a quadrupole moment which
has a dimension of area. We used a reported value of Q(9
2
) to be 0.27 barn (where
1 barn = 10−24 cm2 = 10−28 m2) [121]. As the value of the ratio R = Q(7
2
)/Q(9
2
),
we used R = 2 as reported in Ref. [80, 120]. We varied the value of eq = VZZ
from 0 V/m2 to 1.5 × 1022 V/m2. In order to simulate the time spectra of NRS
from Kr83 under EFG, we further obtained the discrete Fourier transform of the
simulated energy spectra. The results of the simulations of energy spectra and
time spectra of NRS along with a comparison with the experimental result are
shown in Fig. 4.6 and Fig. 4.7, respectively.
Figure 4.6 shows the calculated results of the Mo¨ssbauer absorption spectra.
As we can see from Fig. 4.6, the larger the EFG, the lager the splitting between
each line. As indicated in Eq. (2.21) and Eq. (4.9), the quadrupole splitting
is a function of m2 rather than m. Thus, the evolution of the splitting are not
symmetric with regard to the center of energy. Each line in Fig. 4.6 is assigned
as (±1/2→ ±1/2), (±3/2→ ±3/2), (±5/2→ ±5/2) and (±7/2→ ±7/2) from
the left to right, respectively, where (m→ m∗).
We turn next to the calculated results of the time spectra of NRS from 83Kr
which are shown in Fig. 4.7. On top of Fig. 4.7, the experimental result of the
time spectrum of NRS by monolayer 83Kr on TiO2(110) are shown. From Fig.
4.7 (a) to (f), the calculated result of the time spectra under the conditions that
eq = 0 to 1.5× 1022 V/m2. The experimental data at t = 0 to 25 ns are distorted
due to the recovery of the detector. We look at the data in the region of t > 25
ns.
At a glance of Fig. 4.7, the experimental result is in most good agreement
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Figure 4.6: The simulated Mo¨ssbauer absorption spectrum of 83Kr with only
∆m = 0 transitions as a function of the applied electric field gradient VZZ . VZZ =
(a) 0 V/m2, (b) 1.0 × 1021 V/m2, (c) 3.0 × 1021 V/m2, (d) 6.0 × 1021 V/m2, (e)
1.0× 1022 V/m2, (f) 1.5× 1022 V/m2. The line width of each lines are broadened
to 6.6 neV compared to the natural line width of 3.3 neV, in order to simulate
the dynamical effect that is observed experimentally.
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Figure 4.7: Experimentally obtained (top) and the simulated time spectra of NRS
by 83Kr with only ∆m = 0 transitions as a function of the applied electric field
gradient VZZ . VZZ = (a) 0 V/m
2, (b) 1.0× 1021 V/m2, (c) 3.0× 1021 V/m2, (d)
6.0× 1021 V/m2, (e) 1.0× 1022 V/m2, (f) 1.5× 1022 V/m2.
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with the calculated result of Fig. 4.7 (a) and (b) which are the results under
the condition of eq = 0.0 to 1.0 × 1021 V/m2. The calculated results of Fig. 4.7
(c) to (f) show features of sharp dips and strong oscillations originating from the
interference between the four split lines in Fig. 4.6. Although the experimental
data in Fig. 3.9 (b) shows a systematic deviation from the single exponential line,
the deviation is not explained by the four lines due to the quadruple splitting
of the nuclei of 83Kr shown in Fig. 4.6. These comparison indicate that the
experimental result does not suggest a picture that all Kr atoms sit in an identical
adsorption site and feeling the identical EFG and at the same time that the
principal axis is in the direction of surface normal with an axial symmetry.
To conclude this subsection, we observed that the experimentally obtained
time spectrum in Fig. 3.9 (b) is not in good agreement with the calculated
results employing four lines which are split due to the quadrupole splitting of
the nuclei of 83Kr under the large electric field gradient at the surface shown in
Fig. 4.6. Nevertheless, we note that the current comparison does not necessarily
indicate that the EFG is too small to be observed. It is true that it is a one of
the greatest possibility where the EFG was too small to be observed. There are
other remaining possibilities that are not rejected at this moment.
The main topics is whether there is a large EFG which is applied on ph-
ysisorbed atoms at the solid surfaces or not. As can be estimated from the Fig.
4.6, the effect of EFG can be observed if VZZ ≥∼ 2.0×1021 V/m2. Beside the spec-
ulation that there is a large EFG at the surface applied on the physisorbed atoms,
in the current discussion, we put two more assumptions. One is the homogeneity
of the EFG applied on the nuclei of 83Kr at the surface. The other concerns the
orientation and the symmetry of the EFG at the surface which are assumed to
possess a principal axis in the surface normal direction (i.e. VZZ ≥ VY Y ≥ VXX)
and assumed to be axially symmetric (i.e. VXX = VY Y ). The latter assumption
is a basis of the reduction of the transition lines from 11 to 4 with a polarized
synchrotron radiation. In the current discussion, the realization of these two
assumptions at the same time is disagreed with.
Therefore, it is possible that either one of the two assumptions are true or that
both two assumptions are not true even though the EFG at the surface was large
86 CHAPTER 4. DISCUSSION
enough to be observed. We further point out these three possibilities remained at
this moment as potential explanations for the current result. The first possibility
is based on the removal of the first assumption, where the inhomogeneous EFG is
applied on the nuclei of 83Kr which leads to various yields of quadrupole splittings.
In this condition, the time spectra are expressed as a sum of the time spectra of
which the applied EFG is various which thus will be a complicated time spectra.
Compared to the relatively simple time spectra simulated and shown in Fig.
4.6 (a) to (f), the time spectra which is a sum of these various frequencies are
inclined to be flat because any major dips in the spectra will not survive. These
kind of situations are possible if the 83Kr atoms adsorb on the surface with an
incommensurate adsorption structure [9]. The second possibility is based on
the removal of the second assumption, where, the principal axis of the EFG is
not parallel to the surface normal direction or the EFG in the surface parallel
directions are not axially symmetric although the applied EFG is homogeneous.
The principal axis is not parallel to the surface normal direction in cases where the
EFG is stronger in surface normal direction. Even if the principal axis is parallel
to the surface normal direction, the EFG needs not be axially symmetric on the
(110) surface where the lattice constants in x and y directions are not identical.
In this condition, the number of transitions is not reduced to 4 but remains to
be 11. Although the time spectra are not simulated yet, the time spectra with a
11 transitions are expected to be more complicated than those in Fig. 4.7. The
resultant time spectra may well be as flat as the observed spectrum.
4.3.2 Electric field gradient
In order to estimate the absolute value of the EFG at the surface, a tentative
calculation of the electric filed at the TiO2(110) surface was carried out. The
calculated results suggest that there is a large EFG that may well be observed in
the experiment. The calculation was carried out by taking sum of the Coulomb
potential and by taking the derivative and the second derivative of it based on the
assumption that each atom behave like a point charge of +4 and −2 which are
located at the lattice sites of Ti4+ and O2−. With analytical calculations, the po-
tential easily diverges to the infinity. To avoid this divergence of the summation,
4.3. QUADRUPOLE SPLITTING OF 83KR ON TIO2(110) 87
6
5
4
3
2
1
0
z l
oc
at
ion
 (a
ng
str
om
)
6543210
x location (angstrom)
 2.7e+
11 
 2.
3e
+1
1  2e+11 
 1.7e+11 
 1.6e+11 
 1.4e
+11 
 1.4e+11 
 1.25e
+11  
1.2e+11  1.15e+11 
 1e+11  9.5e+10 
 9e
+1
0  9e+10 
 9e+10 
 8e+
10 
 7.5e+10  7e+10  6.5e+10 
 6e+10  5.5e+10 
 5e+10 
 4.5e+10  4e+10  3.5e+10 
 3e+10  2.5e+10 
 2e+10 
 2e+10  1.5e+10 
 1e+10  1e+10 
 5e+09 
 5e+09 
Figure 4.8: A cross sectional view of the calculated electric field in the surface
normal direction on TiO2(110) surfaces. The unit of the figures in the contour
plot is V/m.
the Ewald-Kornfeld method was used [122] and a series of numerical calculations
was conducted. The calculation was carried out by Takeyasu [123].
The representative result of the calculation is shown in Fig. 4.8. Figure 4.8
shows a cross sectional contour plot of the electric field at the vicinity of the
TiO2(110) surface. The cross section is parallel to the surface normal direction.
The cross section is orienting in a (100) direction if seen from the position x = 0
to the position x = 6 A˚. There is a titan atom at the position of (x, z)=(3.3 A˚,
0) in Fig. 4.8. There are oxygen atoms at the both sides of Fig. 4.8.
Previous report on the adsorption structure of Ar and Xe on TiO2(110) both
indicates that rare gas atoms adsorb on the outer most titan atoms. The distance
of Ar and Xe varies from 3 A˚ to 4 A˚ [113, 114]. Absolute value of the electric field
gradient at this position can be obtained by taking a derivative of the electric
field in terms of x and z, which roughly yields to be about an order of 1020
V/m2. The criteria for the EFG applied on the nuclei was about an order larger
as 1021 V/m2. This deviation of an order or two may be compensated if one
consider a factor called the Sternheimer’s anti-shielding factor, which describes
that the EFG applied on an atom is multiplied by the anti-shielding factor which
is then applied on the nuclei due to the distortion of valence electrons [124]. The
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anti-shielding factor yields from 10 to more than 100 depending on the element
[125].
Another feature observed is that as the distance from the surface atoms is
increased, the derivative of the electric field parallel to the surface plane become
small as compared to that in surface normal direction. This observation supports
the relation of VZZ ≥ VY Y ≥ VXX .
Chapter 5
Concluding remarks
In this chapter, conclusions for the study of laser desorption of Xe and for the
nuclear resonant scattering study of Kr are described. The excitation path and
the desorption dynamics are determined for the non-thermal desorption of Xe.
The observation of Knudsen layer formation in laser induced thermal desorption
of Xe is confirmed. The potential explanations for the observed time spectra of
NRS are unambiguously presented. Lastly, future prospects for each experiments
are mentioned.
5.1 Laser desorption of Xe
In the followings, the conclusion of the laser desorption studies are summarized.
Firstly, the implication of the stabilization of the affinity level of the physisorbed
Xe is mentioned. Secondly, the formation of the Knudsen layer due to the post-
desorption collision effects are described.
5.1.1 Stabilization of the affinity level
We have investigated the PSD of Xe on Au(001) at photon energies of 2.3 and
6.4 eV [104]. With decreasing pump laser fluence, the desorption was found
to undergo transition from thermal to non-thermal regimes. The non-thermal
PSD of Xe occurred only at 6.4 eV as a one-photon process, and the desorption
proceeds via the Antoniewicz model with transient negative ion formation. On
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the basis of the model calculation, the lifetime of Xe− is estimated to be ∼15
fs. These results strongly suggest that the affinity level of Xe is substantially
stabilized by the metal proximity effect.
5.1.2 Knudsen layer formation
We observed the TOFs of Xe from a Au(001) surface by LITD at a wide range of
Θ. At Θ ' 0.3 ML, the TOF is well analyzed by the Maxwell-Boltzmann veloc-
ity distribution at 255 K indicating thermal desorption followed by the collision-
free flow. At Θ > 0.3 ML, the TOF is well analyzed by the shifted Maxwell-
Boltzmann velocity distribution, which is regarded as the manifestations of the
post-desorption collision effects. At Θ > 4 ML, the value of u under the assump-
tion that TK/TS = 0.65 became constant at around 125 m/s, which corresponds
to M = 0.96, being in good agreement with the prediction by the Knudsen layer
formation theory. In the LITD experiment, we found that the collision effect
already appears at Kn ' 5.2 and that the Knudsen layer is formed at Kn < 0.39,
which corresponds to a mean collision number of greater than 2.6 per atom for
general systems.
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5.2 Nuclear resonant scattering by 83Kr
NRS by physisorbed Kr on a solid surface in both multi-layer and monolayer
regime are achieved for the first time thanks to the experimental realization of
the glancing angle regime with an UHV chamber equipped with a cold head.
The time spectra of NRS by 5 ML Kr shows a decay time of 96 ns whereas the
decay time at 1 ML was 109 ns, indicating a dynamical effect is in play. The
time spectrum at 1 ML Kr is compared with the simulated time spectra based on
the quadrupole splitting and the selection rule where only 4 of 11 transitions are
allowed. The experimentally obtained spectrum is not in good agreement with
the simulated result with large electric field gradient (EFG). The comparison
indicates the following possibilities.
1. EFG at the surface is too small (<∼ 1020 V/m2) for the quadrupole splitting
to be observed in the time spectra of NRS.
2. Although the electric field gradient is large enough for the quadrupole split-
ting to be observed, either one or neither of the following assumptions (that
are used in the simulations) are fulfilled in the experiment.
(a) The adsorption site of Kr at 1 ML is only one where the identical EFG
is applied on all the 83Kr nuclei.
(b) The main axis of the EFG is parallel to the surface normal direction.
The EFG in the surface parallel direction is axially symmetric.
The EFG at the surface of TiO2(110) was estimated based on a numerical calcu-
lation. The result shows the absolute value of EFG was large enough (>∼ 1020
V/m2) for the time spectra of NRS to be observed, although the axial symmetry
on (110) surface is not positively confirmed.
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5.3 Future prospects
As for the non-thermal photon stimulated desorption of Xe, I proposed a stabi-
lization of Xe− state at the vicinity of the metal surface. This is a condensation
effect. Further investigation on this effect may be possible if one investigate a
coverage dependence of the photon stimulated desorption yield of Xe or if one ob-
serve the electron affinity level of Xe at surface more directly using methods such
as two-photon photoemission spectroscopy or scanning tunneling spectroscopy on
the similar system.
The potential specialty of Au surface may also be interesting as compared to
Pt, Ag or else. Watanabe reported that there was no signifiant photon stimulated
desorption of Xe from Pt(111) surfaces [126]. Considering the inconsistency of
this report and the present result [104], the fundamental difference between Au
surface and Pt surface may be found by further investigations. The speciality
may arise from the electronic structure of each surface originating from the s
electrons and d electrons, respectively.
Angular resolved experiments possess a larger impact on the study of the
collision effects in laser induced thermal desorption, in order to more vividly take
a hold of the whole picture of the Knudsen layer formation. Another fascinating
advanced experiment of the laser desorption should concern the desorption of
binary mixture of different atoms or molecules. It has been theoretically predicted
that the fast desorption of a mixture of heavy and light atoms will results in a
jet effect, where heavy atoms gets larger and center oriented momentum in the
surface normal direction [127].
Cometary comma and its tails are assumed to be connected with a Knud-
sen layer [53]. Thus, further exploration of the collision effects in laser induced
thermal desorption has a potentially impact on the planetary science. For the
simplicity of the phenomena, the present experiment was carried out using a
mono atomic gas. The real comet is known to consists mainly of amorphous solid
water [128]. Therefore, the dynamics of the generation of the dust tail of comets
may be clarified by an investigation on the rapid desorption of H2O molecules
from the surfaces, which may be realized in the experiment room by using the
laser induced thermal desorption of water ice.
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The present study showed that the NRS of Kr in the monolayer regime is able
to be recorded. Next, the goal should be the use of the technique for the mea-
surements of properties of materials. Further, detailed preparation of the sample
surface including the adsorption structure and the axially symmetric substrate
(e.g. (111) or (001) surfaces) are even more plausible for the experiment. The
EFG of the solid surface will be observable with such a preparation.
The beauty of the adsorption of Kr on the surface is that they are not de-
structive at all. Therefore, the use of Kr as a probe of the surface properties is a
promising way. The interaction between solid surfaces and the Kr atoms is only
Van der Waals interactions. Hence, by varying the sample substrates, the EFG
at respective surfaces such as metal, insulator and semiconductor surfaces can be
compared by use of the NRS by Kr at each surfaces.
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